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Foreword 


This  research  project  was  founded  on  our  discovery  of  the  Binl  gene,  which  encodes  a  novel  adaptor 
protein  (originally  knovm  as  ‘99’)  that  has  tumor  suppressor  properties  in  breast  cancer.  Binl  interacts 
with  Myc,  an  oncoprotein  widely  activated  in  breast  cancer,  and  mechanistic  investigations  in  our 
laboratory  suggests  that  Binl  has  a  role  in  mediating  apoptosis  by  Myc  under  certain  conditions. 

This  project  exceeded  its  planned  aims,  including  the  following  milestones.  Characterization  of  the 
Binl  gene  and  its  multiple  gene  products  allowed  an  intensive  analysis  of  Binl  structure  and  expression 
in  50  breast  cancer  cases  and  multiple  breast  cancer  cell  lines.  We  found  evidence  of  >50%  losses  in 
primary  breast  cancer,  mainly  due  to  gene  silencing.  Preliminary  evidence  from  a  second  study  suggest 
that  losses  are  correlated  with  an  increased  ineidence  of  lymph  node  metastases.  Cell  biological 
analyses  defined  universal  losses  of  Binl  in  malignant  cell  lines.  Re-expression  of  Binl  in  such  settings 
engaged  a  programmed  cell  death  process  that  resembled  apoptosis.  This  process  was  independent  of 
p53,  Rb,  Bcl-2  family  proteins,  and  caspases,  suggesting  that  Binl  participates  in  a  unique  cell  death 
mechanism.  A  functional  analysis  of  Binl  identified  crucial  effector  regions,  laying  the  foundation  for 
current  work  to  identify  effector  proteins.  Effector  candidates  include  Ku  proteins,  which  are  involved 
in  the  DNA  damage  response,  and  Bin3,  a  Binl -related  partner  protein  that  localizes  to  mitochondria  in 
cells.  As  part  of  this  work  we  also  cloned  Bin2,  a  Binl -related  partner  protein  with  non-cancer-related 
functions  in  hematopoietic  cells.  Finally,  capping  previous  work,  we  cloned  and  characterized  the 
mouse  Binl  gene  and  identified  a  function  for  it  in  muscle  cell  differentiation. 

The  mouse  gene  cloning  enabled  the  generation  of  a  Binl  “knockout”  mouse,  the  characterization  of 
which  has  been  the  focus  of  work  this  year.  Loss  of  Binl  leads  to  embryonic  lethality,  probably  due  to 
cardiac  muscle  hypertrophy.  Interestingly,  embryos  exhibit  no  evidence  of  gross  defects  in  apoptosis 
(other  than  the  cardiae  defect),  and  cell  biological  studies  confirm  that  Binl  is  dispensable  for  apoptosis 
in  normal  cells.  However,  following  oncogenic  transformation,  a  broad  requirement  for  Binl  in 
apoptosis  is  revealed.  Notably,  oncogene-transformed  cells  are  defective  in  the  apoptotic  response  to 
tumor  necrosis  factor  (TNF),  DNA  damaging  agents,  and  famesyltransferase  inhibitors.  All  these  agents 
target  with  some  selectivity  the  neoplastie  phenotype,  in  preelinical  models  and  clinical  tests.  These 
findings  argue  that  Binl  participates  in  a  cell  death  mechanism(s)  that  is  specific  to  neoplastic 
pathophysiology.  Preliminary  results  from  mouse  crosses  support  this  notion.  On  wild-type 
backgrounds,  loss  of  a  single  Binl  allele  has  no  discemable  effect  (up  to  10  mos.  of  age),  where  on  an 
MMTV-myc  “oncomice”  background,  loss  of  a  single  Binl  allele  leads  to  defective  mammary  gland 
function,  increased  incidence  of  mammary  hyperplasia,  and  accelerated  mammary  carcinoma. 

In  summary,  this  project  has  led  to  the  discovery  a  novel  cell  death  mechanism  that  may  be  unique  to 
cancer  cells.  Loss  of  this  mechanism  in  breast  cancer  may  provide  an  important  step  in  malignant 
progression.  Our  future  efforts  focus  on  activating  downstream  effectors  in  the  Binl  pathway,  with  the 
aim  of  restoring  this  death  mechanism  and  achieving  a  cancer-selective  cell  kill  in  the  clinic. 


Introduction 


An  important  goal  in  breast  cancer  research  is  to  identify  better  prognostic  tools  to  predict  the 
course  and  relapse  of  malignant  carcinoma,  and  to  uncover  and  develop  foundations  for  the  development 
of  novel  modalities  to  treat  advanced,  intractable  disease.  Malignant  breast  carcinomas  frequently 
contain  deregulated  Myc  (Shiu  et  al.  1993).  Notably,  deregulation  is  most  frequently  seen  in  advanced 
tumors  (due  to  genetic  or  epigenetic  causes)  and,  where  it  occurs,  signals  poor  prognosis  (Bems  et  al 
1992;  Borg  et  al  1992;  Hehir  et  al  1993;  Watson  et  al  1993).  Supporting  the  importance  of  the  Myc 
system  in  breast  cancer,  the  Myc-regulated  genes  plasminogen  activator  inhibitor- 1  (PAI-1)  (Prendergast 
and  Cole  1989;  Prendergast  et  al  1990)  and  ornithine  decarboxylase  (ODC)  (Bello-Femandez  et  al 
1993)  are  also  indicators  of  poor  prognosis  (Manni  et  al  1995;  Reilly  et  al  1992;  Sumiyoshi  et  al 
1992).  The  ability  of  deregulated  Myc  to  drive  apoptosis  may  provide  an  Achilles'  heel  in  such  cells. 
Indeed,  the  ability  of  the  anti-breast  cancer  drug  tamoxifen  appears  to  use  Myc-mediated  death 
mechanisms  to  exert  its  activity  (Kang  et  al  1996).  Therefore,  unraveling  Myc  death  mechanisms 
represent  one  direction  to  address  a  major  clinical  need. 

We  initiated  work  in  the  area  of  apoptosis  by  cloning  proteins  that  could  interact  with  the 
effector  domain  of  Myc.  In  this  manner,  we  identified  the  Myc-binding  protein  Binl  (formerly  termed 
‘99’).  The  project  proposal  included  preliminary  evidence  pointing  to  a  role  for  Binl  as  a  breast  tumor 
suppressor  gene.  In  the  proposed  project,  we  aimed  to: 

1.  Identify  gene  mutations  and  loss  of  expression  in  tumor  cell  lines  and  primary  tumors. 

All  tasks  completed  and  findings  published. 

2.  Ectopically  express  Binl  in  human  tumor  and  model  rodent  cell  systems  and  assay  its  effects  on 

malignant  cell  growth,  cell  cycle  progression,  and  apoptotic  index. 

All  tasks  completed  and  published.  This  aim  was  expanded  to  generate  and  analyze  mice  lacking 
the  Binl  gene. 

3.  Mutate  Binl  and  assay  the  mutants  for  growth  inhibitory  and/or  apoptosis  activity. 

All  tasks  completed  and  published  or  submitted for  publication.  This  aim  was  expanded  to  clone 
Binl -related  genes  and  characterize  the  function  of  Binl  orthologs  in  the  fission  yeast  S.  pombe. 


Body 

Aim  1.  Identify  mutations  and  loss  of  expression  in  tumor  cell  lines  and  primary  tumors 

All  tasks  completed  and  results  published  (Sakamuro  et  al,  1996;  Ge  et  al,  2000).  As  part  of  this  work 
we  defined  the  complete  structure  of  the  human  Binl  gene  and  generated  a  set  of  Binl  monoclonal 
antibodies  (Wechsler-Reya  et  al,  1997a;  Wechsler-Reya  et  al,  1997b).  We  found  that  Binl  expression 
is  frequently  lost  in  breast  tumor  cell  lines  and  primary  tumors.  The  mechanism  was  not  gene  deletion 
but  was  implied  to  be  gene  silencing,  based  on  the  loss  of  both  Binl  protein  and  message.  The  Binl 
promoter  contains  a  CpG  island  (Wechsler-Reya  et  al  1997b),  supporting  the  hypothesis  that  the  loss  of 
message  is  due  to  promoter  downregulation  through  DNA  methylation  (e.g.  similar  to  pl6INK4  in  lung 
cancer).  To  test  this  hypothesis  we  accumulated  ~30  matched  pairs  of  normal  and  primary  breast  tumor 


DNA  for  testing  by  methylation-specific  PCR,  but  for  technical  and  manpower  reasons  this  line  of 
investigation  (an  aim  that  exceeded  original  plans)  was  not  completed. 

Aim  2.  Ectopicallv  express  Binl  in  human  tumor  and  model  rodent  cell  systems  and  assay  its  effects  on 
malignant  cell  growth,  cell  cycle  progression,  and  apoptotic  index. 

All  tasks  completed  and  results  published  (Sakamuro  et  al. ,  1 996;  Elliott  et  al. ,  1 999;  Elliott  et  al. ,  2000; 
Ge  et  al.,  2000).  We  ultimately  completed  the  work  in  breast  cancer  cells  using  a  recombinant 
adenovirus  vector  to  express  Binl  (Elliott  et  al,  2000;  Ge  et  al.,  2000).  In  all  malignant  breast  cell  lines 
tested  (6/6),  where  endogenous  Binl  was  missing,  ectopic  expression  of  Binl  by  the  adenoviral  vector 
led  to  the  engagement  of  a  cell  death  process  resembling  apoptosis.  Notably,  in  nonmalignant  HBLIOO 
cells,  where  endogenous  Binl  protein  was  detected,  ectopic  Binl  did  not  cause  cell  death  (Ge  et  al., 
2000).  Death  was  accompanied  by  cell  detachment  and  a  TUNEL-positive  apoptotic  demise. 
Cytotoxicity  was  correlated  with  Binl,  and  not  with  nonspecific  effects  of  the  adenovirus  or  infection, 
because  similar  effects  were  not  produced  by  infection  with  uninduced  vector  or  with  the  Ad-cre  virus 
plus  empty  vector  virus  (Elliott  et  al.,  2000;  Ge  et  al.,  2000). 

We  expanded  the  scope  of  this  Aim  to  include  generation  and  analysis  of  Binl  'knockout'  mice.  The 
goal  is  to  determine  whether  loss  of  Binl  in  breast  tissue  promotes  breast  tumor  progression,  either  in 
the  absence  or  presence  of  activated  Myc.  In  previous  work,  we  cloned  and  characterized  the  complete 
mouse  Binl  gene  (Mao  et  al.  1998).  A  gene  targeting  construct  was  designed  to  delete  key  effector 
exons  that  had  been  identified  by  structure-function  analysis  (Elliott  et  al,  1999).  Through  a 
commercial  service  this  blastocysts  were  injected  with  this  construct  and  chimeric  mice  successfully 
obtained. 

Homozygous  animals  die  at  approximately  El  8  of  gestation.  Some  animals  are  bom  but  are  invariably 
found  inviable  within  several  hours.  Histological  sections  reveal  a  largely  normal  embryo  at  all  stages 
of  development.  However,  at  later  stages  of  development,  cardiac  muscle  hypertrophy  is  apparent.  The 
phenotype  seems  to  be  pronounced  in  the  ventricles  (A.  Muller,  DuPont  Pharmaceuticals  Company, 
pers.  comm.).  Mice  are  unusually  tolerant  of  heart  hypertrophy  during  embryonic  development  (L. 
Benjamin,  Beth  Israel  Hospital,  Harvard  University,  pers.  comm.).  This  tolerance  may  explain  how 
animals  lacking  Binl  can  continue  so  far  past  ElO  of  development  when  heart  function  is  important. 
The  phenotype  observed  presumably  reflects  the  inability  of  cardiac  cells  to  terminally  differentiate. 
This  phenotype  is  consistent  with  the  results  of  in  vitro  investigations  performed  in  committed  C2C12 
mouse  myoblasts  in  our  laboratory.  In  this  model  system,  inhibition  of  Binl  expression  by  an  antisense 
strategy  led  to  inhibition  of  cell  cycle  withdrawal,  terminal  differentiation,  and  apoptosis  (Wechsler- 
Reya  et  al.,  1998;  K.  Elliott,  R.  Wechsler-Reya,  and  G.C.Prendergast,  The  Wistar  Institute,  unpublished 
observations).  The  defect  in  cell  cycle  withdrawal  was  correlated  in  the  in  vitro  model  with  a  defect  in 
induction  of  the  cell  cycle  kinase  inhibitor  p21  WAFl  (Mao  et  al.,  1998).  This  defect  could  conceivably 
lead  to  continuing  cell  division,  consistent  with  a  hypertrophic  phenotype. 

We  have  continued  the  mouse  work  by  monitoring  heterozygous  animals  for  tumor  formation  on  wild- 
type  or  breast  “oncomouse”  genetic  backgrounds,  including  MMTV-c-myc  and  MMTV-neu  mice. 


Female  mice  of  each  strain  typically  succumb  to  breast  tumors  on  a  multiparous  schedule  at  5-7  months 
of  age.  Preliminary  results  indicate  no  evidence  of  malignancy  of  other  pathologies  in  heterozygous 
mice  on  a  wild-type  background  up  to  10  months  old.  In  contrast,  heterozygosity  on  the  c-Myc 
“oncomouse”  appears  to  produce  several  effects.  At  first  pregnancy,  mammary  dysfunction  manifested 
by  an  inability  to  produce  sufficient  quantaties  of  milk  is  apparent.  Many  mothers  do  not  nurse.  Those 
that  do  can  not  provide  sufficient  milk  and  all  pups  are  runted  such  that  most  die.  Mothers  that  nurse  are 
prone  subsequently  to  a  massive  hyperplasia  which  encompasses  all  mammary  glands.  MMTV-c-myc 
control  mice  do  not  exhibit  the  mammary  dysfunction  (pups  are  not  runted)  but  do  exhibit  some 
evidence  of  hyperplasia.  We  are  currently  working  to  determining  whether  differences  are  significant. 
Heterozygous  mice  appear  to  come  down  with  carcinomas  within  1-3  pregnancies,  which  is  somewhat 
more  rapid  than  the  predicted  period  for  MMTV-c-myc  control  mice.  Carcinoma  in  situ  has  been 
documented  in  the  hyperplastic  breast  tissue,  consistent  with  the  notion  of  accelerated  rates  of 
tumorigenesis  and  tumor  progression.  While  statistical  significance  is  as  yet  lacking,  if  extended  and 
confirmed  these  findings  would  provide  genetic  proof  of  a  tumor  suppressor  function  for  Binl,  and 
would  suggest  that  Binl  is  haploinsufficient  for  breast  cancer  suppression. 

Aim  3.  Mutate  Binl  and  assay  the  mutants  for  growth  inhibitory  and/or  apoptotic  activity. 

All  tasks  completed  with  results  published  or  submitted  (Elliott  et  al,  1999;  Elliott  et  al,  2000;  J. 
DuHadaway,  D.  Sakamuro,  D.  Ewert,  and  G.C.  Prendergast,  The  Wistar  Institute  and  DuPont 
Pharmaceuticals  Company,  unpublished  results;  E.  Routhier,  DuPont  Pharmaceuticals  Company, 
unpublished  observations).  The  c-Myc-binding  domain  was  overexpressed  as  a  dominant  inhibitory 
strategy  to  probe  the  requirement  for  Binl -c-Myc  interaction  in  proliferation,  transformation,  and 
apoptosis.  These  experiments  supported  a  role  in  apoptosis  by  c-Myc  but  not  in  proliferation  or 
transformation,  consistent  with  tumor  suppressor  and  cell  death  roles.  In  the  N-terminal  region  of  Binl, 
within  its  so-called  BAR  domain,  we  defined  a  5  aa  segment  the  deletion  of  which  abolished 
antitransforming  activity  and  exhibited  dominant  inhibitory  activity  against  wild-type  Binl.  This  mutant 
is  predicted  to  disrupt  a  c-Myc-independent  effector  interaction,  and  is  being  used  as  to  counterscreen 
candidate  effector  proteins  being  isolated  by  genetic  and  biochemical  approaches.  This  mutant 
confirmed  a  requirement  for  Binl  in  apoptosis  but  not  proliferation  or  transformation  by  c-Myc  in 
primary  cells.  To  gain  insight  into  the  function  of  the  BAR  domain,  we  have  expressed  it  in  bacteria  and 
initiated  a  collaboration  to  crystallize  it  and  determine  its  3-dimensional  structure  (E.  Laue,  Cambridge 
University). 

To  gain  further  insight  into  Binl  function,  this  year  we  expanded  this  aim  to  clone  and  characterize 
homologs  of  Binl  in  the  yeast  S.  pombe.  We  embarked  on  this  project  for  several  reasons.  First,  work 
in  other  laboratories  suggested  that  Binl  may  have  roles  in  actin  regulation  and  endocytosis  (Binl  is 
related  in  its  BAR  domain  to  amphiphysin,  which  is  implicated  in  synaptic  vesicle  endocytosis).  How 
these  functions  related  to  nuclear  functions  of  interest  to  us  was  unclear.  Second,  there  was  evidence  in 
other  laboratories  that  Binl  orthologs  in  the  yeast  S.  cerevisiae  could  interact  with  a  BAR  domain 
protein  the  mammalian  ortholog  of  which  was  unknown.  Third,  we  were  interested  in  examining 
functions  for  Binl  homologs  in  S.  pombe  because  the  cell  division  mechanisms  of  that  yeast  are  quite 


different  from  S.  cerevisiae,  with  the  former  resembling  mammalian  cells  more  closely.  The  notion  was 
that  Binl  might  display  different  functions  depending  on  the  yeast  system. 

Consistent  with  this  thinking,  we  found  that  the  Binl  homolog  in  S.  pombe  functioned  in  cell  cycle 
control  but  neither  actin  regulation  nor  endocytosis.  Deletion  of  this  gene  product,  termed  Hobl 
(Homolog  Of  Binl),  could  be  complemented  by  human  Binl  but  not  by  its  S.  cerevisiae  ortholog 
(termed  Rvsl67).  This  observation  established  that  Binl  had  functions  unique  to  those  characterized  in 
other  laboratories,  consistent  with  a  role  in  nuclear  processes  implied  by  our  work.  As  part  of  this  line 
of  investigation,  we  cloned  the  mammalian  and  S.  pombe  homologs  of  the  S.  cerevisiae  Rvsl61  protein, 
which  is  the  other  BAR  domain-containing  protein  in  that  yeast.  These  genes  were  termed  Bin3  and 
Hob3  (Homolog  of  Bin3),  respectively.  In  contrast  to  Binl/Hobl,  which  differed  in  function  from 
Rvsl67,  Bin3/Hob3  were  similar  in  function  to  Rvsl61.  Thus,  the  function  of  Binl  has  diverged  in 
evolution,  a  feature  possibly  reflected  by  the  complex  patterns  of  alternate  splicing  of  Binl  displayed  in 
mammals.  In  support  of  the  yeast  findings,  recent  results  from  the  Binl  “knockout”  cells  reveals  no 
defect  in  either  actin  organization  or  endocytosis.  Thus,  we  believe  that  the  nuclear  functions  of  Binl 
we  have  focused  on  represent  a  bona  fide  physiological  function  that  is  not  displayed  by  amphiphysin. 
We  are  using  the  S.  pombe  system  to  further  mutagenic  analyses  and  exploring  the  effects  of  c-Myc  in 
this  model,  in  the  hopes  of  gaining  novel  insights  into  protein  function,  effectors,  and  signaling 
processes.  Current  interest  centers  on  a  potential  effector  role  for  Bin3  in  Binl  signaling,  following 
preliminary  results  that  Binl  and  Bin3  can  interact  in  principle,  similar  to  Rvsl67  and  Rvsl61,  and  that 
Bin3  is  localized  to  the  mitochondria  where  death  decisions  are  made. 

Conclusions 

The  introduction  of  mouse  “knockout”  and  yeast  genetic  systems  this  year  offers  a  near-term 
opportunity  to  prove  the  hypothesis  that  Binl  has  tumor  suppressor  and  programmed  cell  death 
functions.  A  potential  link  to  mitochondria  as  well  as  to  nuclear  processes  are  novel  features  suggested 
by  the  latest  work  in  this  project.  Binl  investigations  seem  likely  to  provide  unique  insights  into  cancer 
cell  death  pathways,  possibly  impacting  key  questions  such  as  why  malignant  breast  cancer  cells  don’t 
die  when  they  should.  We  have  accelerated  efforts  to  “mine”  the  Binl  pathway  for  therapeutic  targets 
by  increasing  resources  provided  for  this  purpose  at  DuPont  Pharmaceuticals  Company.  The  support  of 
the  US  Army  Breast  Cancer  Program  has  been  instrumental  in  supporting  what  we  hope  will  be  not  only 
a  highly  innovative  and  important  new  direction  in  breast  cancer  research,  but  also  one  that  can  convert 
to  a  better  therapeutic  approach. 
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Oncogenic  activation  of  MYC  occurs  often  in  breast  carci¬ 
noma  and  is  associated  with  poor  prognosis.  Loss  or  inactiva¬ 
tion  of  mechanisms  that  restrain  MYC  may  therefore  be 
involved  in  tumor  progression.  In  this  study,  we  show  that  the 
MYC-interacting  adaptor  protein  BINl  is  frequently  missing 
in  malignant  breast  cells  and  that  this  loss  is  functionally 
significant.  BINl  was  expressed  in  normal  and  benign  cells 
and  tissues  but  was  undetectable  in  6/6  estrogen  receptor¬ 
positive  or  estrogen  receptor-negative  carcinoma  cell  lines 
examined.  Similarly,  complete  or  partial  losses  of  BIN  I  were 
documented  in  30/50  (60%)  cases  of  malignant  breast  tissue 
analyzed  by  immuno-histochemistry  or  RT-PCR.  Abnormali¬ 
ties  in  the  organization  of  the  BINl  gene  were  apparent  in 
only  a  minority  of  these  cases,  suggesting  that  most  losses 
were  due  to  epigenetic  causes.  Nevertheless,  they  were 
functionally  significant  because  ectopic  BINl  induced  pro¬ 
grammed  cell  death  in  malignant  cells  lacking  endogenous 
BINl  but  had  no  effect  on  the  viability  of  benign  cells.  We 
propose  that  loss  of  BINl  may  contribute  to  breast  cancer 
progression  by  eliminating  a  mechanism  that  restrains  the 
ability  of  activated  MYC  to  drive  cell  division  inappropriately. 
Intf  Concer  85:376-383,  2000. 
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The  genetic  events  underlying  the  development  of  sporadic 
breast  cancer  are  not  fully  defined.  Inactivation  of  the  BRCAI  and 
BRCA2  genes  contributes  to  a  significant  fraction  of  familial  breast 
cancers,  but  these  genes  are  altered  only  rarely  in  sporadic  forms  of 
the  disease.  Identification  of  other  genes  which  have  sustained  loss 
of  function  may  help  to  provide  insight  into  mechanisms  of 
progression  as  well  as  promote  novel  opportunities  for  molecular 
approaches  to  diagnosis,  prognosis  or  therapy.  One  approach  to  this 
problem  is  to  examine  roles  for  the  regulatory  and  effector  elements 
of  systems  that  have  fundamental  significance  in  cancer,  such  as  the 
growth-regulatory  network  controlled  by  MYC  (Sakamuro  and 
Prendergast,  1999).  MYC  has  a  crucial  role  in  mitogenesis  of  many 
types  of  normal  and  neoplastic  cells,  and  it  is  oncogenically 
activated  in  a  wide  variety  of  human  malignancies  including  breast 
cancer  (Nass  and  Dickson,  1997).  In  sporadic  breast  cancer,  MYC 
over-expression  occurs  in  as  many  as  50%  of  cases  and  has  been 
widely  associated  with  poor  prognosis  (Berns  et  al,  1992;  Borg  et 
al,  1992;  Watson  et  al,  1993).  However,  despite  its  potential 
importance,  the  mechanisms  which  promote  MYC  activation 
during  breast  tumor  progression  are  not  fully  understood  (Nass  and 
Dickson,  1997).  MYC  lies  at  the  crossroads  of  2  signaling  networks 
which  target  its  C-terminal  DNA-binding  domain  and  its  N- 
terminal  transcriptional  transactivation  domain  (Sakamuro  and 
Prendergast,  1999).  The  major  player  in  the  C-terminal  network  is 
MAX,  the  crucial  b/HLH/Z  partner  protein  which  heterodimerizes 
with  MYC  and  mediates  its  ability  to  specifically  recognize  DNA. 
However,  MAX  alterations  do  not  occur  in  human  cancer.  A 
number  of  novel  N-terminal-interacting  proteins  which  constitute  a 
second  Myc  network  have  been  identified  (Sakamuro  and  Prender¬ 
gast,  1999).  One  of  these,  BINl,  is  a  ubiquitously  expressed 
adaptor  protein  with  features  of  a  tumor  suppressor  (Sakamuro  et 
al,  1996;  Elliott  et  al,  1999).  Previous  work  indicated  that  BINl 
was  missing  in  MCF7  cells  and  in  a  small  panel  of  primary  tumors 
examined  (Sakamuro  et  al,  1996),  but  the  frequency  and  biological 
relevance  of  these  events  was  uncertain.  In  this  study,  we  present 
evidence  that  BINl  expression  is  frequently  lost  in  sporadic  breast 
cancer  and  that  such  losses  are  biologically  significant.  Our 


findings  suggest  that  loss  of  BINl  contributes  to  the  progression  of 
breast  cancer  by  allowing  cells  to  activate  MYC  without  apoptotic 
penalty. 

MATERIAL  AND  METHODS 

Tissue  culture 

Human  cell  lines  were  obtained  from  the  ATCC  (Rockville, 
MD),  with  the  exception  of  SK-BR-5,  which  was  obtained  from  Dr. 
D.  Herlyn  (The  Wistar  Institute).  Non-malignant  HBL-IOO  breast 
epithelial  cells;  the  breast  carcinoma  cell  lines  BT20,  MCF7, 
MDA-MB-468  and  SK-BR-3;  WI-38  and  IMR90  diploid  fibro¬ 
blasts;  and  293  embyonic  kidney  epithelial  cells  were  maintained 
in  DMEM  supplemented  with  10%  FBS  (Life  Technologies, 
Gaithersburg,  MD)  and  50  U/ml  penicillin  and  streptomycin 
(Fisher,  Pittsburgh,  PA).  The  breast  carcinoma  cell  lines  T47D  and 
ZR-75-1  were  maintained  in  RPMI  1640  that  was  supplemented 
similarly.  Viable  cell  counts  were  obtained  by  Trypan  blue  exclu¬ 
sion. 

Recombinant  adenoviruses 

The  adenoviral  cre-loxP-inducible  gene  expression  system  used 
in  this  study  has  been  described  (Anton  and  Graham,  1995). 
Briefly,  the  luciferase  cDNA  in  the  vector  pMA19  (Anton  and 
Graham,  1 995)  was  replaced  with  the  BINl  cDNA  99fE  (Sakamuro 
et  al,  1996).  The  resulting  plasmid  was  co-transfected  with 
Clal-digested  dl7001  adenovirus  DNA  into  293  cells  to  obtain  the 
recombinant  adenovirus  Ad-MABIN  1  by  homologous  recombina¬ 
tion  (Davis  and  Wilson,  1996).  In  this  virus,  the  BIN!  cDNA  is 
conditionally  expressed  under  the  control  of  the  cytomegalovirus 
(CMV)  promoter,  from  which  it  is  separated  by  a  loxP-flanked 
stuffer  sequence.  BINl  expression  is  suppressed  in  the  unrear¬ 
ranged  virus  because  the  stuffer  region  includes  stop  codons  in  all  3 
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reading  frames.  Upon  co-infection  of  cells  with  Ad-MABINl  and 
Ad-cre  [adenovirus  expressing  Cre  site-specific  recombinase  from 
bacteriophage  PI  (Anton  and  Graham,  1995)],  the  intervening 
stuffer  region  was  removed  by  Cre-mediated  excision,  causing 
BINl  expression.  Ad-vect  is  a  similar  control  recombinant  adenovi¬ 
rus  except  that  it  contains  no  transgene  (Davis  and  Wilson,  1996). 
For  adenoviral  infection,  cells  were  plated  at  2  to  4  X  10'^  per  well 
in  6-well  tissue  culture  plates.  Forty  hours  later,  after  cell  density 
reached  approx.  5  X  lO**  per  well,  equivalent  amounts  of  Ad-cre 
plus  Ad-vect,  Ad-vect  plus  Ad-MABINl  or  Ad-cre  plus  Ad- 
MABINl  viruses  were  added  at  50  multiplicities  of  infection 
(m.o.i.)  each  (BT20),  100  m.o.i.  each  (MCF7,  MDA-MB-468, 
SK-BR-3,  T47D  and  ZR-75-1)  or  200  m.o.i.  each  (HBL-100)  in  1 
ml  of  a  1 : 1  mixture  of  DMEM  and  RPMI  1640  supplemented  only 
with  4  pg/ml  polybrene  (Sigma,  St.  Louis,  MO).  The  m.o.i. 
employed  were  determined  empirically  for  each  cell  line  to  achieve 
>90%  infection  of  the  target  cell  population,  through  experiments 
using  a  recombinant  adenovirus  expressing  p-galactosidase.  After 
incubation  for  3  hr,  cells  were  washed  once  with  a  1 : 1  mixture  of 
unsupplemented  DMEM  and  RPMI  1640  and  then  fed  with  normal 
culture  medium.  Cells  were  harvested  or  photographed  using  phase 
contrast  microscopy  as  indicated  at  times  afterward. 

Flow  cytometry 

Floating  and  adherent  cells  were  harvested  48  hr  after  infection 
and  fixed  in  1%  paraformaldehyde/PBS  followed  by  80%  ethanol. 
Samples  were  incubated  for  1  hr  at  37 (C  in  TdT  reaction  buffer 
(Roche,  Indianapolis,  IN),  incubated  for  30  min  at  room  tempera¬ 
ture  with  fluoresceinated  streptavidin  (DuPont,  Wilmington,  DE) 
and  stained  30  min  with  propidium  iodide  at  room  temperature. 
Flow-cytometric  analysis  was  performed  on  a  EPIC/XL  cell 
analyzer. 


RT-PCR 

Total  RNA  was  isolated  as  described  (Shiozawa  et  al,  1990) 
from  frozen  breast  tissues  obtained  from  the  Cooperative  Human 
Tissue  Network  (Philadelphia,  PA).  Total  cytoplasmic  RNA  was 
prepared  from  cell  lines  by  standard  methods.  For  cell  line 
analyses,  primers  and  reaction  conditions  used  for  RT-PCR  have 
been  described  (Wechsler-Reya  et  al,  1997b).  For  tissue  analyses, 
quantitative  RT-PCR  was  performed  as  follows.  One  microgram 
total  cytoplasmic  RNA  in  5  pi  water  was  denatured  by  5  min 
incubation  at  room  temperature  with  2  pi  0.1  M  methylmercury 
hydroxide.  To  this  RNA  was  added  2.5  pi  0.7  M  P-mercaptoethanol 
and  0.5  pg  random  hexanucleotides  in  1  pi  aqueous  solution. 
Following  a  2  min  incubation  at  70°C,  RNAs  were  incubated  on 
wet  ice  and  2.0  pi  5  mM  dNTPs,  0.5  pi  RNase  inhibitor  (Promega, 
Madison,  WI),  4  pi  5X  RT  buffer,  2  p  1  0.1  M  DTT  and  1.0  pi 
Mo-MLV  reverse  transcriptase  (Life  Technologies)  were  added. 
Reactions  were  incubated  for  60  min  at  37®C  and  then  stopped  by  a 
5  min  incubation  at  95 °C.  This  RT  product  was  used  as  template  to 
amplify  BINl  or  p-actin  cDNAby  PCR.  For  BINl  (exons  1-5),  the 
5'  primer  was  5'-AAAGATCGCCAGCAACGTGC  and  the  3' 
primer  was  5'-CTGGTGGTAATCCATCCACAGC.  For  P-actin 
(exons  3-4),  the  5'  primer  was  5'-GGTGGGCATGGGT- 
CAGAAGG  and  the  3'  primer  was  5'-GCAGCTCGTAGCTC- 
TTCTCC.  Reactions  were  performed  in  100  pi  containing  200  ng 
template,  50  pmol  each  primer,  0.4  mM  each  dNTP,  1 X  Taq  PCR 
buffer  and  2.5  U  Taq  polymerase  (Roche).  PCR  was  performed  by  2 
min  incubation  at  96°C  and  then  26  cycles  (BINl)  or  22  cycles 
(P-actin)  of  30  sec  96°C/45  sec  6rC/45  sec  72°C  followed  by  a 
final  extension  of  10  min  at  72°C.  Products  were  purified  from 
1.4%  TBE  agarose  gels  and  in  some  cases  subjected  to  direct  DNA 
sequencing.  For  the  tumor  RNA  samples  indicated  by  asterisks  in 
Figure  Ic,  in  which  the  entire  coding  region  of  BINl  cDNA  was 
cloned  by  RT-PCR  and  subjected  to  direct  DNA  sequencing,  3 
separate  PCRs  were  performed  using  primers  and  conditions  that 
have  been  described  (Wechsler-Reya  etai,  1997^). 


Figure  1  -  Frequent  loss  of  BINl  expression  in  breast  carcinoma 
cell  lines,  (a)  Northern  analysis.  Total  cytoplasmic  RNA  isolated  from 
the  cell  lines  indicated  was  analyzed  using  probes  for  BINl,  MYC  and 
p-actin.  (b)  Western  analysis.  Cell  extracts  were  prepared  from  the  cell 
lines  indicated  and  subjected  to  SDS-PAGE  and  Western  blotting  using 
anti-BINl  MAb  99D  (Wechsler-Reya  et  al,  1997a).  (c)  RT-PCR 
analysis.  Total  cytoplasmic  RNA  isolated  from  the  cell  lines  indicated 
was  analyzed  as  described  (Wechsler-Reya  et  al,  1991  b).  Products 
derived  from  region  II,  which  includes  the  central  domain  encoded  by 
exons  7-11,  were  fractionated  on  agarose  gels,  stained  with  ethidium 
bromide  and  photographed.  SK-BR-3  exhibits  an  aberrant  product  in 
addition  to  the  expected  wild-type  product  (arrow).  M,  DNA  size 
marker. 


Southern  and  Northern  analyses 

High-m.w.  genomic  DNA  from  human  breast  tissues  and  cell 
lines  was  isolated  as  described  (Herrmann  and  Frischauf,  1987). 
For  Southern  analysis,  5  pg  genomic  DNA  were  digested  overnight 
at  37°C  with  30  U  Hind  III  restriction  endonuclease  (Roche), 
fractionated  by  agarose  electrophoresis,  blotted  by  capillary  trans¬ 
fer  to  Duralon  membranes  (Stratagene,  La  Jolla,  CA)  and  hybrid¬ 
ized  as  described  (Church  and  Gilbert,  1984)  with  ^^P-labeled 
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Figure  2  -  Frequent  loss  of  BIN]  RNA  in  primary  breast  tumors.  Total  RNA  isolated  from  normal  and  malignant  breast  tissues  was  analyzed  as 
described  (Wechsler-Reya  el  al,  1997/;),  using  primers  which  amplify  BINl  or  p-actin  messages.  The  complete  BIN  1 -coding  regions  of  samples 
marked  with  an  asterisk  were  cloned  by  RT-PCR,  and  their  DNA  sequence  was  determined  as  described  (Wechsler-Reya  et  al,  1997/;). 


TABLE  1  -  IMMUNO-HISTOCHEMICAL  ANALYSIS  OF  BINl  IN  BREAST  TISSUE 


Tissue  analyzed  nr 
histological  diagnosis 

n' 

- 

+/- 

+ 

+  + 

Normal  ductal  epi- 
thelium^ 

4 

0 

0 

0 

4 

Lactating  adenoma 

1 

0 

0 

0 

1 

Metaplastic  carci¬ 
noma 

1 

0 

1 

0 

0 

Malignant  phyl- 
lodes 

1 

1 

0 

0 

0 

Tubular  carcinoma 

1 

0 

0 

0 

1 

Infiltrating  lobular 
carcinoma 

1 

1 

0 

0 

0 

Infiltrating  ductal 
carcinoma 

23 

9 

2 

5^ 

V 

Total  malignant 
tissues 

27 

11  (41%) 

3(11%) 

5(18%) 

8  (30%) 

Frozen  benign  or  malignant  breast  tissue  was  sectioned  and  sub¬ 
jected  to  immuno-histochemistry  as  described  in  Material  and  Meth¬ 
ods.  The  relative  proportion  of  cell  nuclei  in  the  section  which  stained 
with  BINl  MAb  99D  (Wechsler-Reya  et  al,  \991a)  was  scored  as 
follows:  — ,  negative;  +/— ,  <10%  cells  staining;  +,  10%  to  70%  cells 
staining;  ++,  >70%  cells  staining. 

'n,  number  of  specimens  examined.-^Tissue  derived  from  reduction 
mammoplasty.-^Included  2  tumors  exhibiting  both  nuclear  and  cyto¬ 
solic  staining. 


probes  generated  by  the  random  priming  method  (Roche).  Probes 
were  an  approx.  1.5  kb  Eco  RI  fragment  from  the  99fE  cDNA 
including  the  coding  region  of  BIN  1  (Sakamuro  et  al,  1996)  or  an 
approx.  1 .6  kb  Xba  I  fragment  of  the  human  BIN!  gene  encompass¬ 
ing  exon  1  and  the  promoter  region  (Wechsler-Reya  et  al,  1997/;). 
Blots  were  washed  at  a  final  stringency  of  0.2X  SSC  at  60°C  and 
subjected  to  autoradiography  at  -SO^’C  from  1  to  3  days.  For 
Northern  analysis,  total  cytoplasmic  RNA  was  prepared  from 
tissues  and  cell  lines  as  described  (Prendergast  and  Cole,  1989; 
Shiozawa  et  al,  1990),  fractionated  on  formaldehyde  agarose  gels, 
blotted  and  hybridized  with  ^^P-labeled  human  MYC  (Prendergast 
et  al,  1 99 1 )  or  BIN  1  (99fE)  cDNA  probes,  as  described  above. 

Western  analysis 

Cell  lysates  were  prepared  in  NP40  buffer  and  analyzed  by 
SDS-PAGE  and  Western  blotting  using  standard  methods.  Blots 


BR-18  BR-20 


normal  adenoma  carcinoma 


Figure  3  -  Immuno-histochcmical  analysis  of  BINl  in  primary 
breast  tumors.  Representative  patterns  of  BINl  staining  in  frozen 
sections  of  normal,  benign  adenoma  and  malignant  breast  tissues 
documented  in  Table  I  are  presented.  Lower  panels  are  histological 
sections  stained  with  standard  hematoxylin-eosin  (H&E). 


were  probed  with  BINl  monoclonal  antibody  (MAb)  99D  (Wech¬ 
sler-Reya  et  al,  \991a)  and  developed  using  a  1:5,000  dilution  of 
horseradish  peroxidase-conjugated  goat  anti-mouse  IgG  (Roche) 
and  a  chemiluminescence  kit,  employing  the  conditions  suggested 
by  the  vendor  (Pierce,  Rockford,  IL). 

immimo-histochemistiy 

Frozen  cases  of  normal  and  malignant  breast  tissues  were 
obtained  from  the  Department  of  Pathology  and  Laboratory 
Medicine  at  the  Hospital  of  the  University  of  Pennsylvania 
(Philadelphia,  PA)  and  from  the  Department  of  Pathology  at  the 
University  of  Michigan  Medical  School  (Ann  Arbor,  MI).  Frozen 
tissues  were  sectioned  and  processed  for  immuno-histochemistry 
using  anti-BIN  1  MAb  99D  (Wechsler-Reya  et  al,  \991a),  which 
efficiently  stains  frozen,  but  not  formalin-fixed,  tissues  (Sakamuro 
et  al,  1996).  Sections  were  warmed  to  room  temperature,  washed 
twice  with  PBS,  fixed  in  4%  paraformaldehyde/PBS  for  30  min  at 
4°C  and  rinsed  once  with  water  and  then  twice  with  PBS.  Tissues 
were  permeabilized  in  0.1%  Triton  X-100  for  10  min,  washed  twice 
with  PBS  and  incubated  for  15  min  in  1%  H2O2  in  methanol  to 
quench  endogenous  peroxidase.  After  washing  for  5  min  each  in 
PBS  and  then  PBS/0. 1%  BSA,  samples  were  incubated  for  30  min 


with  anti-BINl,  washed  twice  in  PBS  and  incubated  for  an 
additional  30  min  with  a  1:200  (v/v)  dilution  of  biotin-conjugated 
AffiniPure  goat  anti-mouse  IgG(H+L)  (Jackson  ImmunoResearch, 
West  Grove,  PA).  Slides  were  developed  by  30  min  incubation  with 
peroxidase-conjugated  streptavidin  (Dako,  Carpinteria  CA)  diluted 
at  1:200  in  PBS/0. 1%  BSA,  washed  for  5  min  in  PBS  3  times  and 
then  flooded  for  5  min  with  substrate  (Peroxidase  Substrate 
DABkit;  Vector,  Burlingame,  CA).  After  rinsing  in  water,  slides 
were  counterstained  with  0.04%  light  green  in  acidified  water  or 
dilute  hematoxylin  for  1  min,  dehydrated  and  cover-slipped. 
Stained  slides  were  examined  and  scored  for  overall  mean  extent  of 
nuclear  staining.  Extent  of  staining  was  evaluated  on  a  scale  of  0  to 
2+  (0  =  0%,  +/-  =  <10%,  +  =  10%  to  70%,  +  +  =  >70%). 


RESULTS 

Loss  of  BIN  1  occurs  frequently  in  breast  cancer 

Previously,  we  showed  that  MCF7  cells  and  3/6  primary  human 
tumors  examined  lacked  detectable  BINl  message  (Sakamuro  et 
al,  1996).  To  determine  the  extent  of  such  losses  and  to  assess  the 
mechanism,  we  examined  the  status  of  BINl  expression  in  a  set  of 
7  human  carcinoma  cell  lines  and  50  cases  of  normal  and  malignant 
breast  tissue.  Levels  in  cell  lines  were  determined  in  non-malignant 
HBL-100  cells;  the  estrogen-dependent  carcinoma  cells  lines 
T47D,  ZR-75-1  and  MCF7;  and  the  estrogen-independent  carci¬ 
noma  cell  lines  BT20,  MDA-MB-468,  SK-BR-3  and  SK-BR-5. 
BINl  RNA  levels  in  5/7  of  these  cell  lines  were  reduced  or 
undetectable  relative  to  HBL-100  (Fig.  la,  upper  panels).  Elevated 
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MYC  levels  were  observed  in  all  cell  lines,  with  the  exception  of 
SK-BR-5,  where  MYC  message  was  undetectable  (Fig.  \cu  middle 
panels).  The  differences  in  message  levels  were  not  due  to 
differences  in  RNA  loading,  as  shown  by  ethidium  bromide 
staining  of  Northern  gels  or  hybridization  of  Northern  blots  with 
p-actin  cDNA  (Fig.  ]a,  lower  panels).  Western  analysis  using  the 
anti-BIN  1  MAb  99D  (Wechsler-Reya  et  ai,  \991a)  confirmed  and 
extended  the  deficits  in  BINl  expression  in  malignant  cells  (Fig. 
\b).  In  particular,  BT20  and  MDA-MB-468  lacked  wild-type 
protein,  though  they  expressed  normal  levels  of  BINl  message. 
While  the  basis  for  this  difference  was  unclear,  these  data  increased 
the  extent  of  losses  of  wild-type  BINl  protein  to  all  malignant  cell 
lines  examined.  In  SK-BR-3  cells,  a  truncated  polypeptide  was 
detected.  RT-PCR  analysis  of  the  cell  lines  which  expressed 
detectable  message  levels  (HBL-100,  BT20,  T47D  and  SK-BR-3) 
revealed  normal  message  structure  in  all  cell  lines  except  for 
SK-BR-3,  which  also  expressed  an  aberrantly  spliced  isoform  that 
correlated  with  production  of  the  truncated  polypeptide  (Fig.  Ic). 
In  contrast  to  the  lack  of  BIN  1  expression  in  malignant  cells,  BIN  I 
polypeptides  of  appropriate  size  were  detected  in  WI-38  diploid 
fibroblasts  and  non-malignant  HBL-100  cells. 

We  next  examined  the  levels  of  BINl  message  and  protein  in 
breast  tumors,  to  confirm  the  extent  of  losses  in  primary  malignan¬ 
cies  and  to  rule  out  the  trivial  possibility  that  losses  were  due  to  in 
vitro  cell  line  establishment.  BINl  messages  were  examined  in 
RNAs  isolated  from  a  panel  of  3  benign  and  23  malignant  breast 
tissues  by  RT-PCR  (Fig.  2).  All  3  benign  tissues  examined  were 
positive  for  expression,  but  16/23  (70%)  malignant  tissues  exhib¬ 
ited  reduced  or  undetectable  levels  of  BINl  message  relative  to 
normal  tissues.  The  complete  coding  regions  of  the  messages  in  the 
7  samples  which  exhibited  robust  expression  (asterisks  in  Fig.  2) 
were  cloned  by  RT-PCR  and  the  DNA  sequence  determined  as 
described  previously  (Wechsler-Reya  et  ai,  1997/;).  No  alterations 
relative  to  the  wild-type  BINl  sequence  were  observed  (data  not 
shown),  suggesting  that  alterations  of  BIN  1  in  breast  cancer  related 
predominantly  to  loss  of  expression  rather  than  polypeptide 
mutation.  To  confirm  losses  at  the  level  of  protein  accumulation, 
we  performed  an  immuno-histochemical  analysis  of  5  benign  and 
27  malignant  cases  of  breast  tissue  (Table  I,  Fig.  3).  This  analysis 
included  4  normal  tissues  derived  from  reduction  mammoplasty,  1 
case  of  lactating  adenoma,  23  cases  of  infiltrating  ductal  adenocar¬ 
cinoma  and  1  each  of  infiltrating  lobular  carcinoma,  tubular 
carcinoma,  metaplastic  carcinoma  and  malignant  phyllodes  (a 
relatively  rare  tumor  with  high  mitotic  rate,  infiltrative  borders, 
stromal  atypia  and  over-growth).  All  benign  tissues,  including  the 
lactating  adenoma,  exhibited  uniform  and  robust  staining  of  BINl 
in  cell  nuclei,  consistent  with  the  localization  of  BINl  in  other 
normal  or  benign  cell  types  (Sakamuro  et  ai,  1 996;  Wechsler-Reya 
etai,  \991a,  1998).  In  contrast,  complete  or  partial  losses  of  BINl 
were  observed  in  11/27  (41%)  and  3/27  (11%)  malignant  cases, 
respectively.  Figure  3  presents  examples  of  the  positive  staining 
patterns  observed  in  normal  tissue  and  benign  adenoma  as  well  as 
the  most  common  negative  pattern  seen  in  infiltrating  ductal 
carcinoma.  In  cases  of  malignant  tissue  positive  for  BINl,  4/12 
exhibited  staining  in  the  cytosol  as  well  as  the  nucleus  of  neoplastic 
cells  (data  not  shown).  In  addition,  some  positive  cells  exhibited 
staining  of  punctate  subnuclear  domains  instead  of  nucleoplasm, 
reminiscent  of  abnormal  patterns  seen  in  other  malignant  cells, 
such  as  SAOS-2  osteosarcoma  cells  (Wechsler-Reya  et  ai,  1997a). 
Further  investigation  is  required  to  determine  the  functional  impact 
of  these  altered  staining  patterns.  To  assess  the  possibility  of  a 
correlation  between  BINl  status  and  other  pathological  markers, 
we  examined  the  nuclear  grade,  histological  grade,  ploidy,  lymph 
node  positivity  and  status  of  ERBB2  (HER2),  progesterone  recep¬ 
tor  and  estrogen  receptor  in  a  subset  of  15  malignant  cases,  but  no 
con*elation  with  these  markers  was  apparent  (data  not  shown). 
Nevertheless,  when  taken  together,  the  results  of  the  RT-PCR  and 
immuno-histochemical  analyses  indicated  that  BINl  was  greatly 
reduced  or  undetectable  in  60%  of  the  50  malignant  cases 


Figdrf.  6 -Inducible  expression  of  BIN!  in  adcnovirus-infcctcd 
breast  cells.  Cell  extracts  were  prepared  20  hr  after  infection  with 
Ad-cre  plus  Ad-vect  (upper  panel)  or  Ad-crc  plus  Ad-MABIN  1  (lower 
panel),  and  equivalent  amounts  were  subjected  to  Western  analysis 
with  anti-BIN  I  MAb  99D.  The  positive  control  for  expression  is  an 
extract  derived  from  a  BINl -expressing  human  melanoma  cel!  line. 


examined.  We  concluded  that  loss  of  BINl  occurred  frequently  in 
neoplastic  breast  disease. 

Status  of  the  BINl  gene  in  breast  carcinoma  cell  lines  and  tumors 
Southern  analysis  was  performed  to  compare  the  organization  of 
the  human  BIN!  gene  in  malignant  and  benign  cells,  to  determine 
whether  losses  in  expression  were  accompanied  by  any  genetic 
abnormalities.  Genomic  DNA  was  isolated  from  normal  peripheral 
blood  lymphocytes  (PBLs),  as  a  control  for  wild-type  organization, 
as  well  as  from  a  set  of  malignant  breast  cell  lines  and  24  primary 
breast  tumors.  Figure  4  presents  the  organization  of  the  BIN!  gene 
as  previously  determined  (Wechsler-Reya  et  ai,  1997/;)  and  the 
Southern  analysis  strategy  used  in  this  study.  Restriction  of 
genomic  DNA  by  Hindi II  endonuclease  generates  2  contiguous 
fragments  of  22  kb  and  7  kb  that  encompass  the  body  of  the  gene 
recognized  by  a  fi/Y/-coding  region  cDNA  probe;  the  same 
digestion  also  generates  2  contiguous  fragments  of  1 2  kb  and  5.3  kb 
encompassing  the  5'  upstream  region  recognized  by  an  Xbal 
restriction  fragment  that  includes  exon  1  and  promoter  sequences 
(Fig.  4).  Genomic  DNA  from  normal  PBLs  produced  the  expected 
gel  band  patterns  for  both  regions  of  the  gene  (Fig.  5a).  In  contrast, 
aberrant  band  patterns  were  noted  in  genomic  DNA  isolated  from 
SK-BR-5,  which  apparently  sustained  a  homozygous  deletion  of 
the  BIN!  gene  consistent  with  the  lack  of  message  or  protein 
production.  SK-BR-3  exhibited  both  normal  and  aberrant  frag¬ 
ments  within  the  body  of  the  gene,  consistent  with  the  production 
of  an  aberrant  splice  product  and  a  truncated  polypeptide  (Fig.  1). 
Other  cell  lines  exhibited  wild-type  organization  of  the  body  of  the 
gene,  as  did  all  primary  tumors  examined  (data  not  shown). 
However,  additional  examples  of  abnormal  gene  organization  were 
seen  in  carcinoma  cells  and  primal^  tumors  at  the  5'  end  of  the  gene 
(Fig.  5a, h).  SK-BR-5  exhibited  a  single  aberrant  band  consistent 
with  the  likelihood  of  a  large  deletion  within  the  BINl  gene  in  this 
cell  line.  SK-BR-3,  T47D  and  ZR-75-1  exhibited  loss  of  the  5.3  kb 
fragment  that  includes  exon  1  and  the  proximal  region  of  the 
promoter.  While  polymorphism  was  not  ruled  out,  similar  abnor¬ 
malities  were  not  observed  in  a  set  of  prostate  cancer  cell  lines,  the 
BINl  organization  of  which  was  identical  to  that  observed  in  PBLs 
(Fig.  5/?).  Interestingly,  3/4  of  the  carcinoma  lines  that  exhibited 
aberrant  5'  organization  also  lacked  detectable  message.  Analysis 
of  primary  tumors  showed  that  8/16  tumors  had  similar  aberrant  5' 
banding  patterns.  An  additional  3/16  tumors  ( 1 508,  9492  and  98 1 3) 
exhibited  bands  of  unique  mobility  where  polymorphism  as  a  cause 
could  be  ruled  out.  Using  this  type  of  benchmark,  a  conservative 
interpretation  was  that  at  least  1^  of  the  cancer  cell  lines  and  3/16 
of  the  primary  tumors  had  mutations  in  BINL  However,  since  a 
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Figure  7  -  Cytopathic  effect  of  ectopic  BINL  Cells  were  infected  with  the  viruses  indicated  in  Figure  3  and  photographed  48  hr  later  using 
phase  contrast  microscopy. 


greater  proportion  of  malignant  cells  exhibited  losses  in  expression 
than  clear  genetic  abnormalities,  it  appeared  that  loss  of  BINl 
expression  in  breast  neoplastic  disease  was  due  to  epigenetic  as 
well  as  genetic  causes. 

BINl  induces  programmed  cell  death  in  malignant  cells 
independently  of  estrogen  receptor  status 

To  address  the  functional  significance  of  BINl  loss,  an  adenovi¬ 
ral  vector  system  was  used  to  examine  the  consequences  of  ectopic 
re-expression  of  BINl  in  a  panel  of  the  breast  tumor  cell  lines 
analyzed.  The  system  used  an  inducible  vector  that  allows  condi¬ 
tional  expression  based  on  the  cre-loxP  system,  which  allows  one 
to  rule  out  toxic  effects  of  adenovirus  or  uninduced  vector  DNA. 
The  construction  and  characterization  of  this  system  will  be 
described  in  detail  elsewhere.  Briefly,  the  full-length  BINl  cDNA 
was  cloned  into  a  standard  adenoviral  vector  downstream  of  a 
stuffer  fragment  flanked  by  loxP  sites.  Co-infection  with  a  recombi¬ 
nant  adenovirus  expressing  Cre  recombinase  (Ad-cre)  results  in 
removal  of  the  stuffer  fragment  and  ligation  of  the  BINl  cDNA 
immediately  downstream  of  the  CMV  early-region  enhancer/ 
promoter,  causing  it  to  be  expressed.  The  m.o.i.  required  to  infect 
^90%  of  the  target  population  for  each  of  the  breast  cell  lines  was 
determined  using  a  p-galactosidase  vector  (Ad-lacZ)  and  standard 
methods  of  staining  cells  with  X-gal  to  monitor  p-galactosidase 
expression.  In  this  manner,  an  m.o.i.  of  100  was  found  to  be 
sufficient  to  infect  each  cell  line  used  (data  not  shown).  Expression 
of  BINl  from  the  adenoviral  vector  was  robust  in  all  cells 
co-infected  with  Ad-cre  (Fig.  6). 

Expression  of  BINl  in  the  malignant  cells  was  correlated  with 
the  appearance  of  a  cytopathic  phenotype  that  was  characterized  by 
substratum  detachment  (Fig.  7).  Uninduced  or  control  viruses  did 
not  produce  similar  effects  at  the  m.o.i.  employed.  The  most 
pronounced  cytopathic  phenotype  occured  in  estrogen  receptor¬ 
positive  ZR-75-1  cells  and  estrogen  receptor-negative  SK-BR-3  or 
MDA-MB-468  cells;  however,  all  of  the  malignant  cell  lines  tested 
exhibited  this  phenotype  to  various  degrees.  Non-malignant  HBL- 
100  cells  were  not  affected  by  ectopic  BINl  expression.  Consistent 
with  a  specific  effect  on  malignant  cells,  ectopic  BINl  causes 
similar  effects  on  human  melanoma  cells  but  not  fetal  melanocytes 
(Ge  et  al,  1999)  and  IMR90  diploid  fibroblasts  are  not  affected  by 
ectopic  BINl  (data  not  shown).  To  confirm  that  the  cytopathic 
phenotype  observed  in  malignant  cells  was  correlated  with  induc¬ 
tion  of  cell  death,  an  explicit  determination  of  viability  was  made 


by  Trypan  blue  exclusion  in  cells  harvested  48  hr  after  adenoviral 
infection.  With  the  exception  of  non-malignant  HBL-100  cells,  all 
of  the  cell  lines  exhibited  a  reduction  in  viability  in  response  to 
BINl  expression  (Fig.  8g).  A  correlation  was  noted  between  the 
extent  of  cell  death  and  the  cytopathic  phenotype.  Estrogen 
receptor-positive  T47D  and  MCF7  cells  and  estrogen  receptor¬ 
negative  BT20  cells  were  the  least  affected,  but  their  viability  was 
still  reduced  significantly  at  the  time  point  tested.  The  effect  on 
MCF7  was  consistent  with  the  BINl -induced  growth  inhibition 
documented  previously  (Sakamuro  et  ai,  1996).  The  lack  of 
correlation  between  estrogen  receptor  status  and  BINl  response 
was  consistent  with  a  similar  lack  of  correlation  between  the  status 
of  BINl  and  the  estrogen  receptor  indicated  by  the  immuno- 
histochemical  analysis.  Flow  cytometry  was  performed  to  deter¬ 
mine  if  cell  death  was  due  to  apoptosis  as  defined  by  TUNEL  assay 
and  DNA  degradation.  Virally  infected  cells  harvested  48  hr  later 
were  processed  for  TUNEL  reaction  and  propidium  iodide  staining 
and  analyzed  by  flow  cytometry.  In  this  assay,  cells  undergoing 
programmed  cell  death  are  identified  on  the  basis  of  the  presence  of 
sub-Gi  phase  DNA  (Schwartz  and  Osborne,  1995).  Table  II  presents 
the  proportion  of  cells  in  the  sub-Gi  phase  fraction  which  sustained 
extensive  DNA  degradation.  The  basal  level  of  sub-Gi  phase  cells 
in  the  HBL-100  population  examined  was  not  altered  by  ectopic 
expression  of  BINL  In  contrast,  following  ectopic  expression  of 
BINl,  all  malignant  cell  lines  exhibited  an  increase  in  the  proportion  of 
cells  in  the  sub-G]  fraction,  with  a  good  correlation  between  the  relative 
extent  of  DNA  degradation  and  loss  of  viability.  DNA  degradation 
consistent  with  programmed  cell  death  was  confirmed  by  TUNEL  assay 
in  HBL-100  and  MDA-MB-468  cells.  As  expected,  MDA-MB-468 
cells  were  labeled  by  TUNEL  reaction  and  showed  an  increase  in 
the  proportion  of  sub-G i  phase  cells  in  this  trial  whereas  HBL-100 
was  negative  in  both  regards  (Fig.  Sb).  We  concluded  that  deficits 
of  BINl  in  malignant  breast  cells  were  functionally  significant  and 
that  ectopic  re-expression  of  BIN  1  caused  programmed  cell  death, 
without  regard  to  estrogen  receptor  status. 


DISCUSSION 

Our  results  demonstrate  that  loss  of  BINl  in  neoplastic  breast 
disease  is  both  frequent  and  significant.  Partial  or  complete 
reductions  in  steady-state  BIN  1  levels  were  documented  in  greater 
than  half  of  the  cases  of  primary  breast  cancer  and  in  all  of  the 
breast  carcinoma  cell  lines  examined.  No  correlation  between 


382 


GEETAL. 


□  ere  +  vect 

□  vect  +  MABinI 
■  ere  +  MABinI 


ere  +  vect  vect  +  MABinI 


ere  +  MABinI 


If  . 

.  J: 

- 

1 

IBZi 

Figure  8  -BINl  induces  programmed  cell  death  in  malignant,  but 
not  benign,  cells,  (a)  Cell  viability.  Cells  were  infected  with  the  viruses 
indicated  in  Figure  3,  and  viable  cells  were  counted  by  Trypan  blue 
staining  48  hr  later.  The  data  represent  the  mean  and  standard  error 
derived  from  3  separate  trials,  (b)  Flow  cytometry.  HBL-100  and 
MDA-MB-468  cells  were  infected  as  above  and  48  hr  later  processed 
for  TUNEL  reaction  and  propidium  iodide  staining. 


BIN  1  status  and  other  pathological  markers  was  noted,  though  the 
sample  size  was  small.  The  BIN!  gene  is  located  on  chromosome 
2ql4  (Negorev  et  al,  1996)  within  a  region  reported  to  be  deleted 
in  30%  to  40%  of  breast  carcinomas  (Kerangueven  et  ai,  1997). 
However,  although  we  documented  homozygous  deletion  of  the 
BINl  gene  in  the  tumor  cell  line  SK-BR-5  and  obtained  some 
evidence  of  aberrant  5'  organization  in  malignant  cell  lines  and 
primary  tumors  consistent  with  allelic  deletions,  further  investiga¬ 
tion  is  required  to  firmly  establish  the  extent  of  genetic  alterations 
of  BIN]  in  breast  cancer.  Nevertheless,  given  a  conservative 
interpretation,  the  frequency  of  BINl  losses  occuring  at  the  level  of 
protein  and/or  message  appears  to  exceed  the  frequency  of  genetic 
alterations,  suggesting  a  role  for  epigenetic  alterations.  The  BINl 
promoter  contains  a  CpG  island  (Wechsler-Reya  et  al.,  1997/?),  so 
DNA  methylation  events  that  affect  promoter  activity  offer  a  likely 
mechanism  for  epigenetic  alteration.  In  any  case,  the  losses  in 
BINl  found  to  occur  frequently  in  breast  cancer  appeared  to  have 
both  genetic  and  epigenetic  causes. 


TABT>E  II  -  PROPORTION  OF  BINl -EXPRESSING  CELTS  EXHIBITING 
DNA  DEGRADATION 


Cell  line 

ER 

status 

Adenoviral  veett^rs 

cre  +  vect 

vect  T 
MABINI 

cre  + 
MABINI 

HBL-100 

+ 

9.6 

6.6 

10.1 

BT20 

- 

1.3 

1.9 

4.0 

MDA-MB-468 

- 

1.8 

3.6 

23.6 

SK-BR-3 

- 

2.7 

2.9 

19.7 

T47D 

+ 

2.9 

4.8 

9.1 

ZR-75-1 

5.5 

5.7 

20.0 

MCF7 

-h 

2.7 

3.4 

6.2 

Cells  were  infected  with  100  m.o.i.  of  each  vector  indicated  and  48 
hr  later  fixed,  stained  with  propidium  iodide  and  processed  for  flow 
cytometry.  Results  represent  the  proportion  of  cells  in  the  population  in 
the  sub-Gi  fraction  (mean  of  2  trials).  ER,  estrogen  receptor. 


Evidence  was  obtained  that  BIN  1  deficits  were  significant  to  the 
survival  of  malignant  breast  cells.  Re-introduction  of  BINl  into 
malignant  cells  which  lacked  endogenous  BIN  1  expression  led  to  a 
selective  induction  of  programmed  cell  death.  This  response,  which 
did  not  occur  in  non-malignant  cells,  was  consistent  with  other 
evidence  supporting  a  tumor-suppressor  role  for  this  nucleocytoplas- 
mic  adaptor  protein  (Sakamuro  et  al,  1996;  Elliott  et  al.,  1999;  Ge 
et  al.,  1999).  Although  its  functions  as  an  adaptor  appear  complex, 
due  in  part  to  modulation  by  tissue-specific  splicing,  BINl  was 
identified  initially  through  its  ability  to  interact  with  and  inhibit  the 
oncogenic  properties  of  MYC.  Activation  of  MYC  occurs  fre¬ 
quently  in  later  stages  of  breast  cancer,  and  this  event  is  associated 
with  poor  prognosis  (Berns  et  al.,  1992;  Borg  et  ai,  1992;  Watson 
et  ai,  1993).  Since  BINl  can  block  malignant  transformation  by 
MYC  (Sakamuro  et  ai,  1996),  the  loss  of  BINl  activity  in  breast 
cancer  cells  may  promote  full  oncogenic  activation  of  MYC  by 
eliminating  a  key  governor.  The  governor  may  act  downstream 
rather  than  upstream  of  MYC:  evidence  supports  a  model  in  which 
BINl  is  necessary  for  MYC-mediated  apoptosis  such  that  loss  of 
BINl  may  relieve  the  pro-apoptotic  penalty  of  activated  MYC 
(Prendergast,  1999).  BINl  can  also  inhibit  neoplastic  transforma¬ 
tion  caused  by  adenovirus  El  A,  human  papillomavirus  E7  or 
mutant  p53  (Elliott  et  ai,  1999).  Thus,  it  is  also  conceivable  that 
loss  of  BINl  may  contribute  to  breast  cancer  progression  in  more 
than  one  way  by  eliminating  a  MYC-independent  mechanism 
which  can  limit  neoplastic  transformation. 
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Cell  death  processes  are  progressively  inactivated  during 
malignant  development,  in  part  by  loss  of  tumor 
suppressors  that  can  promote  cell  death.  The  Binl  gene 
encodes  a  nucleocytosolic  adaptor  protein  with  tumor 
suppressor  properties,  initially  identified  through  its 
ability  to  interact  with  and  inhibit  malignant  transforma¬ 
tion  by  c-Myc  and  other  oncogenes.  Binl  is  frequently 
missing  or  functionally  inactivated  in  breast  and  prostate 
cancers  and  in  melanoma.  In  this  study,  we  show  that 
Binl  engages  a  caspase-independent  cell  death  process 
similar  to  type  11  apoptosis,  characterized  by  cell 
shrinkage,  substratum  detachment,  vacuolated  cyto¬ 
plasm,  and  DNA  degradation.  Cell  death  induction  was 
relieved  by  mutation  of  the  BAR  domain,  a  putative 
effector  domain,  or  by  a  missplicing  event  that  occurs  in 
melanoma  and  inactivates  suppressor  activity.  Cells  in  all 
phases  of  the  cell  cycle  were  susceptible  to  death  and  p53 
and  Rb  were  dispensable.  Notably,  Binl  did  not  activate 
caspases  and  the  broad  spectrum  caspase  inhibitor 
ZVAD.fmk  did  not  block  cell  death.  Consistent  with 
the  lack  of  caspase  involvement,  dying  cells  lacked 
nucleosomal  DNA  cleavage  and  nuclear  lamina  degrada¬ 
tion.  Moreover,  neither  Bcl-2  or  dominant  inhibition  of 
the  Fas  pathway  had  any  effect.  In  previous  work,  we 
showed  that  Binl  could  not  suppress  cell  transformation 
by  SV40  large  T  antigen.  Consistent  with  this  finding,  we 
observed  that  T  antigen  suppressed  the  death  program 
engaged  by  Binl.  This  observation  was  interesting  in 
light  of  emerging  evidence  that  T  antigen  has  roles  in  cell 
immortalization  and  human  cell  transformation  beyond 
Rb  and  p53  inactivation.  In  support  of  a  link  to  c-Myc- 
induced  death  processes,  AEBSF,  a  serine  protease 
inhibitor  that  inhibits  apoptosis  by  c-Myc,  potently 
suppressed  DNA  degradation  by  Binl.  Our  findings 
suggest  that  the  tumor  suppressor  activity  of  Binl 
reflects  engagement  of  a  unique  cell  death  program. 
We  propose  that  loss  of  Binl  may  promote  malignancy 
by  blunting  death  penalties  associated  with  oncogene 
activation.  Oncogene  (2000)  19,  4669-4684. 

Keywords:  transformation;  apoptosis;  cancer;  amphi- 
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Introduction 

Cell  suicide  programs  are  crucial  to  development  and 
homeostasis.  A  major  role  of  these  programs  is  to 
stanch  inappropriate  cell  proliferation  that  can  lead  to 
cancer.  Indeed,  loss  of  the  capacity  for  programmed 
cell  death  (PCD)  is  a  hallmark  of  the  malignant  cell. 
Loss  of  this  capacity  is  not  due  to  inactivation  of  the 
machinery  responsible  for  the  major  form  of  PCD, 
apoptosis,  which  is  minimally  comprised  of  cytochrome 
c,  apoptosis  promoting  factors  (Apafs),  and  caspases 
(Reed  et  al,  1998).  Instead,  it  appears  that  malignant 
cells  suppress  or  eliminate  signals  needed  to  commit  to 
PCD  and/or  to  activate  the  apoptotic  machinery. 

How  cells  commit  to  die  and  how  malignant  cells 
sidestep  this  decision  are  questions  of  great  interest  in 
the  areas  of  programmed  cell  death  and  cancer 
research.  Caspase  regulation  is  important,  but  there  is 
emerging  evidence  that  caspase-independent  processes 
may  also  have  important  roles.  Death  receptors 
directly  activate  caspases  and  cancer  cells  neutralize 
these  routes  by  multiple  strategies  (Ashkenazi  and 
Dixit,  1998).  Mitochondria  indirectly  regulate  caspases, 
by  controlling  the  release  of  cytochrome  c  release  and 
thereby  the  status  of  Apaf,  which  controls  the 
activation  of  caspase-9  (Green  and  Reed,  1998).  This 
route  is  blunted  in  cancer  cells  primarily  by  alterations 
in  the  level  of  Bcl-2  family  proteins,  which  control 
cytochrome  c  release  (Chao  and  Korsmeyer,  1998; 
Reed  et  al,  1998;  Thompson  and  Vander  Heiden, 
1999),  but  probably  at  other  levels  as  well  (Ding  et  al, 
1998;  Feamhead  et  al.,  1997).  Caspase  activation  is 
clearly  sufficient  for  death  commitment  but  whether  it 
is  necessary  is  much  less  clear,  A  viable  hypothesis  is 
that  caspase-independent  processes  participate  in 
commitment  and  that  caspase  activation  seals  a  PCD 
decision  made  by  the  cell  (Amarante-Mendes  et  al, 
1998;  McCarthy  et  al,  1997;  Thompson  and  Vander 
Heiden,  1999).  If  so,  then  caspase-independent  pro¬ 
cesses  may  be  disrupted  in  cancer  cells  like  caspase 
activation  pathways. 

One  area  of  investigation  into  cancer  cell  death 
mechanisms  centers  on  how  c-Myc  stimulates  PCD  and 
why  it  does  not  do  so  in  malignancy  (Prendergast, 
1999).  Oncogenic  activation  of  c-Myc  promotes  the 
development  of  many  clinically  significant  cancers, 
such  as  those  of  the  breast,  colon,  lung,  and  prostate 
(Cole,  1986;  Garte,  1993;  Jenkins  et  al,  1997).  c-Myc 
activation  usually  occurs  at  later  stages  in  carcinoma  in 
humans  and  is  usually  a  poor  prognostic  marker. 
However,  in  premalignant  cells  c-Myc  is  a  robust 
stimulator  of  PCD,  Therefore,  to  exploit  the  growth- 
promoting  aspects  of  c-Myc,  malignant  cells  must 
evolve  strategies  to  escape  the  death  penalty  associated 
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with  its  activation.  Mechanistic  investigations  in 
fibroblast  and  lymphocyte  models  have  defined  central 
roles  for  the  tumor  suppressors  p53  and  which 

are  frequently  inactivated  in  human  cancer  (Sherr, 
1998).  \^ether  these  genes  mediate  PCD  by  c-Myc  or 
sensitize  cells  to  its  action  is  unclear.  Nevertheless,  it  is 
evident  that  p53  inactivation  does  not  compromize  the 
ability  of  c-Myc  to  drive  PCD  in  epithelial  cells 
(Prendergast,  1999;  Sakamuro  et  al,  1995),  indicating 
that  p53 -independent  mechanisms  are  also  important. 
Interestingly,  careful  investigations  have  revealed  that 
caspase  inhibition  or  Bcl-2  overexpression  does  not 
abolish  the  ability  of  c-Myc  to  commit  cells  to  undergo 
PCD.  Caspase  inactivation  eliminates  nuclear  pheno¬ 
types  characteristic  of  apoptosis  and  slows  the  kinetics 
of  cell  death,  but  it  does  not  abolish  all  apoptotic 
phenotypes  nor  ultimate  cellular  demise  (Amarante- 
Mendes  et  al,  1998;  Cecconi  et  al,  1998;  McCarthy  et 
al.y  1997;  Soengas  et  ai,  1999;  Yoshida  et  al.,  1998). 
Similarly,  Bcl-2  proteins  significantly  delay  but  do  not 
abolish  PCD  commitment  induced  by  c-Myc  either  in 
vitro  or  in  vivo  (McCarthy  et  al,  1997;  Trudel  et  ai, 
1997;  Tsuneoka  and  Mekada,  2000).  Thus,  while  c-Myc 
promotes  PCD  by  activating  caspases  (Kangas  et  ai, 
1998),  and  Bcl-2  cooperates  with  c-Myc  to  promote 
malignancy  by  delaying  this  process,  c-Myc  apparently 
also  affects  caspase-independent  processes  that  influ¬ 
ence  death  commitment.  Inactivation  of  such  processes 
may  be  important  in  epithelial  cells  where  c-Myc 
activation  occurs.  This  may  be  especially  true  at  stages 
when  malignant  cell  division  is  slow  and  inefficient 
modes  of  cell  death  which  do  not  involve  caspases  may 
be  effective  at  stanching  tumor  outgrowth.  Thus, 
inactivation  of  caspase-independent  processes  may 
contribute  to  tumorigenesis  by  helping  cells  escape 
death  penalties  associated  with  activation  of  c-Myc  or 
other  oncogenes  (Prendergast,  1999). 

In  this  study,  we  investigated  a  role  in  PCD  for  Binl 
(Bridging  INtegrator-1),  one  of  an  emerging  set  of  c- 
Myc-interacting  adaptor  proteins  that  are  candidates 
for  regulating  c-Myc  or  mediating  its  diverse  actions  in 
cells  (Sakamuro  and  Prendergast,  1999).  Binl  function 
is  complex  and  varied  by  tissue-specific  splicing.  It  was 
identified  initially  through  its  ability  to  interact  with 
and  inhibit  malignant  transformation  by  c-Myc 
(Sakamuro  et  ai,  1996).  Subsequent  investigations 
established  that  there  are  two  ubiquitous  slice  isoforms 
of  Binl  and  several  other  splice  forms  that  are 
restricted  in  expression  to  muscle  or  brain  (Butler  et 
ai,  1997;  Ramjaun  et  ai,  1997;  Tsutsui  et  ai,  1997; 
Wechsler-Reya  et  ai,  1997b,  1998).  Binl  polypeptides 
are  related  in  their  terminal  domains  to  amphiphysin,  a 
neuronal  protein  involved  in  synaptic  vesicle  endocy- 
tosis,  and  brain  isoforms  which  are  most  similar  have 
been  termed  alternately  amphiphysin  II  or  amphiphy- 
sin-like  (amphl).  However,  amphiphysin  was  named  for 
its  biochemical  properties,  rather  than  its  function,  and 
outside  the  brain  Binl  has  functions  that  are  not 
amphiphy sin-like.  First,  although  the  brain  isoforms  of 
Binl  are  cytosolic,  the  ubiquitous  Binl  isoforms 
localize  to  the  nucleus  as  well  as  to  the  cytosol  (Kadlec 
and  Pendergast,  1997;  Wechsler-Reya  et  ai,  1997a). 
Consistent  with  their  nuclear  localization,  these  iso- 
forms  functionally  interact  with  the  nuclear  tyrosine 
kinase  c-Abl  as  well  as  with  c-Myc  (Elliott  et  ai,  1999; 
Kadlec  and  Pendergast,  1997).  Second,  only  brain 


isoforms  of  Binl  include  sequences  that  are  required  to 
interact  with  clathrin  and  the  endocytosis  regulatory 
complex  AP-2  (Ramjaun  and  McPherson,  1998).  Third, 
muscle-specific  isoform,  which  localizes  to  the  nucleus 
and  binds  c-Myc,  is  required  for  myoblasts  to  with¬ 
draw  from  the  cell  cycle  and  to  terminally  differentiate 
(Mao  et  ai,  1999;  Wechsler-Reya  et  ai,  1998).  Lastly, 
isoforms  that  localize  to  the  nucleus  and  bind  c-Myc 
exhibit  tumor  suppressor  properties  which  are  inacti¬ 
vated  or  missing  in  malignant  melanoma,  breast 
cancer,  and  prostate  cancer  (Ge  et  ai,  1999,  2000a, b). 
In  contrast,  amphiphysin  and  brain  isoforms  of  Binl 
lack  suppressor  activity.  Indeed,  one  way  by  which 
Binl  is  fimctionally  inactivated  in  cancer  is  by 
missplicing  of  one  of  its  brain-specific  exons  (Ge  et 
ai,  1999).  Thus,  Binl  has  two  functions,  one  of  which 
is  linked  to  nuclear  processes  that  influence  cell  fate.  In 
this  study,  we  provide  evidence  that  the  tumor 
suppressor  properties  of  Binl  are  related  to  induction 
of  cell  death  and  that  Binl  participates  in  a  caspase- 
independent  process  similar  to  type  II  apoptosis. 


Results 

Binl  activates  a  programmed  cell  death  process  in 
malignant  cells 

We  have  shown  that  reintroduction  of  Binl  into 
hirnian  cancer  cell  lines  that  lack  endogenous  expres¬ 
sion  leads  to  loss  of  proliferative  capacity  and  cellular 
demise  (Elliott  et  ai,  1999;  Ge  et  ai,  1999,  2000a; 
Sakamuro  et  ai,  1996).  To  investigate  this  phenomen¬ 
on  in  more  detail,  we  used  a  set  of  recombinant 
adenoviral  vectors  that  efficiently  deliver  Binl  to 
human  cells.  One  vector  was  constitutive  and  used 
the  cytomegalovirus  (CMV)  early  promoter  to  drive 
Binl  expression  (Ad-Binl).  A  second  vector  was 
inducible  and  allowed  Binl  expression  to  be  controlled 
by  coexpression  of  Cre  recombinase.  In  this  vector, 
Binl  cDNA  was  inserted  downstream  of  a  CMV 
promoter  and  a  stuffer  cassette  flanked  by  loxP  sites 
(Ad-MABinl).  A  matched  control  virus  was  also 
constructed  for  each  system  in  which  a  loss-of-function 
Binl  gene  was  expressed  (see  below).  Recombinant 
viruses  were  generated  in  human  293  cells  by  standard 
methods.  DNA  sequencing  from  amplified  viral  DNA 
confirmed  the  expected  structure  of  each  transgene 
(data  not  shown).  For  control  experiments,  we  also 
prepared  adenoviruses  expressing  LacZ  (Ad-LacZ)  or 
Cre  recombinase  (Ad-cre)  in  293  cells.  The  host  cell 
line  used  for  infection  was  HepG2  hepatoma  cells,  a 
functionally  null  cell  which  lacks  endogenous  Binl 
expression  and  is  susceptible  to  Binl -mediated  growth 
suppression  (Elliott  et  ai,  1999;  Sakamuro  et  ai,  1996). 

Infections  employing  Ad-lacZ  indicated  that  a 
multiplicity  of  infection  (m.o.i.)  of  50-100  was 
required  to  infect  >90%  of  HepG2  cells  exposed  to 
virus  in  vitro  (data  not  shown).  HepG2  cells  infected 
with  Ad-Binl  at  10,  50  or  100  m.o.i.  exhibited 
increasing  levels  of  Binl  expression  as  documented  by 
Western  analysis  of  cell  extracts  prepared  and  analysed 
48  h  after  infection  (see  Figure  la).  Binl  was  detectable 
within  12  h  of  infection  and  reached  a  maximum  by 
48  h  (see  Figure  lb).  When  infected  under  similar 
conditions,  the  level  of  ectopic  Binl  in  IMR90  diploid 
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Figure  1  Recombinant  Binl  adenoviruses.  Western  analysis  of  whole  cell  lysates  prepared  from  cells  infected  with  the  adenoviral 
vectors  indicated  was  performed.  The  anti-Binl  monoclonal  antibodies  99D  were  used  as  the  primary  antibodies  in  panels  a,  b,  and 
d;  antibodies  99D  plus  991  were  used  in  panel  c  (Wechsler-Reya  et  «/.,  1997a).  (a)  Expression  from  the  constitutive  vector  Ad-Bin  1. 
HepG2  cells  lacking  endogenous  Binl  were  incubated  with  viruses  at  the  multiplicity  of  infection  (m.o.i.)  indicated  and  extracts  were 
prepared  48  h  later,  (b)  Ad-Bin  1  time  course.  Extracts  were  prepared  from  HepG2  cells  harvested  at  the  times  indicated,  (c) 
Comparative  levels  of  expression  in  IMR90  diploid  fibroblasts  or  HepG2  cells.  Extracts  were  prepared  48  h  after  infection  at  the 
indicated  m.o.i.  IMR90  express  endogenous  Binl  (Sakamuro  et  al,  1996)  but  at  a  level  that  is  undetectable  on  this  exposure  of  the 
blot,  which  illustrates  similar  steady-state  levels  of  Binl  in  IMR90  or  HepG2  cells  infected  with  the  same  amount  of  Ad-Bin  1.  (d) 
Cre-inducible  expression  from  Ad-MABinl.  HepG2  cell  lines  stably  expressing  PI  bacteriophage  Cre  site-specific  recombinase 
(HepG2/cre)  or  containing  only  vector  sequences  (HepG2/CMV)  were  incubated  with  the  virus  indicated  (m.o.i. -100)  and  extracts 
were  prepared  48  h  later.  The  transgene  in  Ad-MABinl  is  located  downstream  of  a  loxP  site-flanked  stuffer  sequence  such  that 
expression  occurs  only  after  Cre-induced  recombination  (see  Materials  and  methods).  Ad-vect  is  a  control  virus  that  contain  no 
transgene,  (e)  Expression  of  the  loss-of-function  deletion  mutant  BinlABAR-C.  Western  analysis  was  performed  using  extracts 
isolated  from  cells  infected  with  100  m.o.i.  Ad-Bin  1  or  Ad-Bin lABAR-C,  which  lacks  anti-transforming  and  tumor  suppressor 
properties  (Elliott  et  al,  1999b) 
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fibroblasts  used  in  control  experiments  was  comparable 
to  that  seen  in  HepG2  cells  (see  Figure  Ic).  Indirect  cell 
immunofluorescence  experiments  indicated  that  the 
high  level  of  expression  driven  by  Ad-Bin  1  was 
correlated  with  localization  of  Binl  throughout  the 
cell.  To  document  Binl  expression  from  the  Cre- 
inducible  vector  Ad-MABinl,  we  infected  HepG2  cell 
lines  that  stably  expressed  Cre  recombinase  (HepG2/ 
cre)  or  that  contained  only  vector  sequences  (HepG2/ 
CMV).  Binl  was  detected  in  HepG2/cre  cells  infected 
with  50  m.o.i.  of  Ad-MABinl  (see  Figure  Id).  In 
contrast,  Binl  was  not  detected  after  infection  of 
HepG2/CMV  cells,  where  the  stuffer  upstream  of  Binl 
could  not  be  removed,  nor  was  it  detected  in  either  cell 
line  infected  with  control  viruses  that  lacked  an  insert 
(Ad-vect).  A  constitutive  adenoviral  vector  was  also 
constructed  for  a  loss-of-function  mutant  of  Binl, 
termed  BinlABAR-C,  that  lacks  a.a.  125-206  within 
the  N-terminal  BAR  domain  which  is  crucial  for 
antineoplastic  activity  (Elliott  et  ai,  1999).  Extracts 
derived  from  cells  infected  with  Ad-Bin  1ABAR-C 
exhibited  a  polypeptide  with  the  expected  apparent 
mobility  of  '^50  kD  (see  Figure  le).  A  second  smaller 
polypeptide  was  also  detected  at  lower  levels  relative  to 
the  BinlABAR-C  protein  on  Western  blots.  The 


appearance  of  this  polypeptide  did  not  affect  the  loss- 
of-function  of  BinlABAR-C,  which  was  employed  as  a 
negative  control  for  cell  death  induction  (see  below).  In 
summary,  these  experiments  validated  the  adenoviral 
vectors  for  constitutive  or  inducible  Binl  expression  in 
human  cells. 

HepG2  cells  expressing  Binl  displayed  striking 
morphological  changes.  Cells  assumed  a  rounded, 
shrunken  morphology  and  exhibited  deformations  of 
the  plasma  membrane  before  completely  detaching 
from  substratum  (see  Figure  2a).  The  changes  seen 
were  consistent  with  induction  of  PCD  like  that 
observed  previously  (Ge  et  aL,  1999,  2000a).  Cells 
infected  with  Ad-lacZ  at  similar  or  higher  m.o.i.  did 
not  display  similar  morphologies.  No  signs  of  cellular 
demise  were  noted  following  infections  of  normal 
human  diploid  IMR90  fibroblasts  with  Ad-Bin  1  (see 
Figure  2a).  IMR90  cells  showed  some  enlargement  but 
flow  cytometry  indicated  no  signs  of  cell  cycle  arrest 
(data  not  shown),  consistent  with  previous  observa¬ 
tions  in  rodent  embryo  fibroblasts.  Rati  fibroblasts,  or 
mouse  C2C12  myoblasts  (Sakamuro  et  al,  1996; 
Wechsler-Reya  et  al,  1998;  unpublished  observations). 
Thus,  Binl  was  not  grossly  toxic  to  cells,  consistent 
with  previous  observations  (Ge  et  al,  1999,  2000a; 
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^  induces  demise  of  mafignant  cells,  (a)  Moiphology  of  IIcp02  hcpatooiii  u;lls  or  IMR90  diploid  fibroblasts  following 
infection  with  Ad-X^cZ  or  Ad-Binl.  Cells  were  incubated  with  100  m.o.i.  virus  indicated  and  photographed  48  h  later  using  phase- 
contrast  optioa  (magmfication-lOQx),  (b)  Morphology  of  cells  infected  with  inducible  Ad-MABinl  virus.  HepG2  cells  stably 
oxprcsnng  Cic  iwmbinaac  or  vector  only  were  incubated  with  100  m.o.i.  virus  indicated  and  processed  as  above,  (c)  Viable  cell 
infcclod  with  the  viruses  indicated^  as  in  higure  1,  and  harvested  by  trypsinization  48  h  later.  The  proportion  of 
viable  cdts  in  the  population  was  dcteimit^  by  trypan  blue  exclusion,  (d)  Cell  death  is  associated  with  DNA  degradation  and 
^c^  throughout  the  cyde.  Cells  were  incubated  with  the  indicated  m.o.i.  of  Ad-LaeZ  or  Ad-Binl  and  processed  48  h  later  for 
TUI^L  reacti^,  propidium  lo^e  gaming,  and  flow  cytometry.  In  eadi  graph,  the  X-axis  corresponds  to  rdative  PI  staining  and 
^  Y-axjs  to  the  log  of  the  FITC  signal  reflecting  relative  TUNF.l .  positivity.  Time  courses  indicated  a  correlation  between  the 
Icmetics  of  the  cytopathic  effect  and  DKA  degradarion.  (e)  Cell  death  elicited  by  Binl  oocura  throughout  the  cell  cycle.  Cells  were 
mculrated  with  50  m.o.i.  Ad-Lac7  or  Ad-Binl  and  processed  after  the  period  indicated  for  TUNEL  reaction,  propidiuin  iodide 
staining,  and  flow  cytometry.  In  each  graph,  the  X-axis  corresponds  to  relative  PI  staining  and  the  Y-axis  to  the  log  of  the  FITC 
Signal  reflecting  relative  TUNEL  positivity 
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Sakamuro  et  al,  1996;  Wechsler-Reya  et  a/.,  1998). 
Induction  of  the  cre-inducible  virus  Ad-MABinl 
produced  identical  effects.  In  HepG2/CMV  cells,  the 
control  virus  Ad-vect  had  little  morphological  effect, 
whereas  uninduced  Ad-MABinl  had  a  slight  effect  on 
cell  shape  (see  Figure  2b).  The  effect  of  the  latter  virus 
might  reflect  low  leaky  expression  seen  in  other  cell 
types  infected  by  Ad-MABinl  (Ge  et  al,  1999). 
However,  the  uninduced  luciferase  vector  Ad-MA19 
produced  similar  effects  and  we  observed  no  increase  in 
detached  cells  using  either  vector  (data  not  shown), 
arguing  for  a  nonspecific  effect  of  the  Ad-MA  vector  in 
HepG2  cells.  In  any  case,  there  was  a  profound 
difference  seen  in  HepG2/cre  cells,  where  Ad-vect  had 
no  discernible  effect  but  Ad-MABinl  elicited  a 
dramatic  increase  in  detached  cells  (see  Figure  2b). 
Taken  together,  these  results  confirmed  that  the 
cytopathic  effect  elicited  by  the  constitutive  Ad-Binl 
vector  was  not  due  to  nonspecific  toxicity  of  the  vector 
system. 

To  explicitly  assess  cell  viability  in  infected  cultures, 
cells  incubated  with  various  m.o.i.  of  Ad-Binl  or  Ad- 
lacZ  were  harvested  48  h  after  infection  and  the 
proportion  of  viable  cells  was  determined  by  trypan 
blue  exclusion.  Cells  infected  with  Ad-lacZ  at  all  m.o.i. 
were  >90%  viable  whereas  cells  infected  with  Ad-Binl 
exhibited  a  linear  relationship  between  m.o.i.  and  loss 
of  viability  (see  Figure  2c).  Similar  results  were 
obtained  using  Ad-MABinl  (data  not  shown).  Thus, 
the  cytopathic  phenotype  elicited  by  Binl  was 
associated  with  cell  death. 

We  next  examined  whether  cells  induced  to  die  by 
Binl  exhibited  any  differences  in  endocytosis,  because 
brain-specific  splice  isoforms  of  Binl  that  localize  to 
the  cytosol  in  differentiated  neurons  have  been 
implicated  in  this  process,  like  the  related  adaptor 
protein  amphiphysin  (David  et  al.,  1996;  Ramjaun  et 
al,  1997;  Wigge  et  al,  1997).  Ubiquitous  splice 
isoforms  of  Binl  that  localize  to  the  nucleus  lack 
brain-specific  exons  required  for  interaction  with 
clathrin-coated  endocytotic  vesicles  and  AP2  (Ramjaun 
and  McPherson,  1998;  P.  deCamilli,  personal  commu¬ 
nication).  However,  while  this  structural  difference 
suggested  strongly  that  endocytotic  roles  were  probably 
brain-specific,  we  wished  to  explicitly  rule  out  a  role  for 
endocytosis  in  cell  death  induction  by  the  nonneuronal 
Binl  isoform  used  in  these  experiments.  Fluid-phase  or 
receptor-mediated  endocytosis  was  monitored  by 
comparing  the  rate  of  uptake  of  horseradish  peroxidase 
or  fluorescein-conjugated  transferrin,  respectively  (Bar- 
bieri  et  al,  1998;  Benmerah  et  al,  1998).  No  differences 
were  apparent  in  the  level  of  uptake  of  either  reagent  in 
cells  infected  with  Ad-Binl  or  Ad-LacZ  (data  not 
shown).  These  observations  supported  the  expectation 
that  the  endocytotic  function  of  the  Binl  gene  is 
regulated  by  alternate  splicing  and  that  splice  isoforms 
that  localize  to  the  nucleus  do  not  have  these  roles 
(Kadlec  and  Prendergast,  1997;  Sakamuro  et  al,  1996; 
Wechsler-Reya  et  al,  1997a,  1998).  We  concluded  that 
the  ability  of  Binl  to  induce  cell  death  was  unrelated  to 
effects  on  endocytosis. 

To  begin  to  define  the  basis  for  cell  death,  we 
analysed  HepG2  cells  by  flow  cytometry  following 
terminal  transferase-catalyzed  dUTP  labeling  of  nicked 
DNA  ends  (TUNEL  assay).  Cells  were  infected  with 
increasing  m.o.i.  of  adenoviral  vector  and  harvested  for 
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propidium  iodide  staining,  TUNEL  assay,  and  flow 
cytometry  48  h  later,  A  dose-dependent  increase  in  the 
proportion  of  TUNEL-positive  cells  was  observed  after 
Ad-Binl  infection  (see  Figure  2d).  TUNEL  positivity 
was  detected  in  cells  in  all  phases  of  the  cell  cycle  as 
indicating  by  propidium  iodide  staining.  An  increase  in 
cells  with  sub-Gl  phase  DNA  occurred  in  the  TUNEL- 
positive  population  with  similar  kinetics.  A  time-course 
experiment  confirmed  observations  that  the  appearance 
of  TUNEL-positive  cells  and  the  accumulation  of  cells 
with  sub-Gl  phase  DNA  began  24-36  h  after 
infection,  corresponding  to  a  time  approximately  12- 
24  h  after  Binl  expression  (see  Figure  2e).  This 
experiment  also  highlighted  the  finding  that  apoptotic 
cells  (as  defined  by  TUNEL  positivity)  emerged  from 
all  phases  of  the  cell  cycle.  Taken  together,  these  results 
suggested  that  Binl  induced  a  programmed  cell  death 
(PCD)  process.  Similar  experiments  performed  with  the 
inducible  vector  confirmed  these  observations  and 
confirmed  that  they  were  dependent  on  Binl  expression 
rather  than  a  nonspecific  effect  of  the  adenoviral  vector 
(data  not  shown).  The  features  of  DNA  degradation 
seen  in  flow  cytometry  experiments  paralleled  the 
kinetics  of  morphological  features  of  apoptosis  and 
loss  of  viability.  In  multiple  trials  using  each  vector 
system,  no  reproducible  effects  of  Binl  on  the 
distribution  of  cells  in  the  cell  cycle  were  noted, 
consistent  with  the  observation  that  TUNEL-positive 
cells  emerged  from  all  phases.  Taken  together,  the 
results  suggested  that  Binl  engaged  a  PCD  process  that 
could  be  initiated  at  any  point  in  the  cell  cycle,  similar 
to  c-Myc  and  other  oncogenes  (Evan  et  al,  1992), 


The  Binl  BAR  domain  is  crucial  to  inhibit  transforma¬ 
tion  of  rodent  fibroblasts  by  c-Myc  and  to  suppress  the 
proliferation  of  HepG2  cells  (Elliott  et  al,  1999b).  To 
determine  whether  this  domain  was  also  crucial  for 
death  activity,  we  infected  cells  with  Ad-Bin  lABAR-C, 
which  expresses  the  loss-of-function  mutant  Binl  A 
BAR-C  (Elliott  et  al,  1999).  Ad-BinlABAR-C  did 
not  elicit  the  cell  detachment  and  cytopathic  phenotype 
produced  by  Ad-Binl  (see  Figure  3a).  Similarly,  flow 
cytometric  analysis  of  cells  harvested  48  h  after  viral 
infection  showed  that  Ad-Bin  1ABAR-C  did  not  elicit 
DNA  degradation,  even  at  elevated  multiplicities  of 
infection  (see  Figure  3b).  These  observations  provided 
additional  evidence  that  the  cytotoxic  effects  of  Binl  in 
HepG2  cells  were  not  due  to  some  nonspecific  cause, 
since  overexpression  of  a  loss-of-function  mutation 
that  eliminated  tiunor  suppressor  properties  also 
abolished  PCD  activity.  We  concluded  that  Binl 
engaged  a  PCD  process  that  could  explain  the  basis 
for  its  tumor  suppressor  properties. 


p53  has  a  central  role  in  many  types  of  PCD  but  it  is 
mutated  in  many  cancers.  The  retinoblastoma  protein 
(Rb)  has  been  reported  to  be  antiapoptotic  in  many 
systems  but  in  some  cases  it  also  has  proapoptotic  roles 
(Bowen  et  al,  1998;  Day  et  al,  1997).  The  central 
importance  of  p53  and  Rb  in  PCD  control  prompted 
us  to  determine  whether  these  genes  were  needed  for 
Binl  action.  HepG2  cells  have  wild-type  p53  and  Rb 
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Figure  3  BAR  deletion  abolishes  cell  death  by  Binl.  (a)  Lack  of  cytopathic  effect.  HepG2  cells  were  infected  with  100  m.o.i.  Ad- 
LacZ  or  Ad-Bin  1  and  photographed  48  h  later  (magnification  =  100  x).  (b)  Flow  cytometry.  Cells  were  infected  with  the  m.o.i.  virus 
indicated  and  harvested  and  processed  48  h  after  infection  for  flow  cytometry 


genes,  so  we  examined  the  effect  of  Ad-Bin  1  on 
another  tumor  cell  line,  SAOS-2  osteosarcoma,  which 
has  homozygous  deletions  in  both  genes.  SAOS-2  cells 
were  infected  with  100  m.o.i.  Ad-LacZ  or  Ad-Binl 
virus  and  expression  was  confirmed  by  ^-galactosidase 
staining  or  Western  blotting,  respectively  (data  not 
shown).  Parallel  dishes  of  cells  were  examined  for  the 
appearance  of  morphological  features  of  apoptosis  or 
harvested  and  processed  for  TUNEL  labeling  and  flow 
cytometry.  Similar  to  its  effects  on  HepG2,  Ad-Binl 
caused  cell  rounding,  plasma  membrane  deformations, 
and  substratum  detachment  (Figure  4a).  Flow  cyto¬ 
metry  showed  an  increase  in  the  number  of  TUNEL- 
positive  cells  with  sub-Gl  phase  DNA  following  Ad- 
Binl  infection.  Positive  cells  emerged  from  all  phases 
of  the  cell  cycle  and  kinetics  were  similar  to  those 
observed  in  HepG2  cells  (see  Figure  4b).  These  results 
were  consistent  with  evidence  that  p53  is  dispensable 
for  PCD  by  c-Myc  in  epithelial  cells  (Sakamuro  et  ai, 
1995;  Trudel  et  al,  1997)  and  with  findings  in  breast 
cancer  and  melanoma  cell  lines  that  p53  status  was  not 
correlated  with  Binl  susceptibility  (Ge  et  al,  1999, 
2000a).  Consistent  with  the  SAOS-2  susceptibility,  the 
results  of  extensive  RNAse  protection  and  Western 
analyses  of  HepG2  cells  expressing  Binl  did  not  reveal 
any  differences  in  the  expression  of  a  variety  of  cell 
cycle  and  apoptosis  regulators,  including  p53,  Rb 
family  members,  cell  cycle-dependent  kinase  inhibitors 
(pl6INK4,  pl4ARF,  p21WAFl,  p27KIPl,  or 
p57KIP2),  or  Bcl-2  family  genes  (Bcl-2,  Bc1-Xl,  Mcl- 
1,  Bik,  Bax,  or  Bak).  We  concluded  that  Binl  acted 
independently  of  the  p53  and  Rb  pathways. 

Binl  does  not  activate  caspases 

The  type  of  PCD  process  elicited  by  Binl  was  further 
characterized  by  examination  of  nuclear  phenotypes 
associated  with  caspase  activation.  HepG2  cells  in¬ 
fected  with  Ad-Binl  but  not  Ad-LacZ  displayed  signs 
of  nuclear  deformation  and  chromatin  margination  at 
the  nuclear  periphery  and  at  focal  sites  in  the 


nucleoplasm  (see  Figure  5a).  However,  cells  maintained 
considerable  genomic  DNA  integrity  and  there  was  no 
evidence  of  nuclear  lamina  breakdown.  This  phenotype 
was  different  from  that  seen  in  classical  or  type  I 
apoptosis,  which  is  associated  with  a  distinct  nuclear 
condensation  phenotype,  and  suggestive  of  type  II 
apoptosis  in  which  cytosolic  features  predominate.  The 
contrast  in  nuclear  morphology  was  highlighted  by 
comparison  to  the  nuclear  phenotype  elicited  by  the 
protein  kinase  inhibitor  staurosporine,  which  induces 
type  I  apoptosis  (see  Figure  5a,  right  panel).  Transient 
transfection  of  HepG2  cells  with  Binl  plasmid  vectors 
elicited  the  same  nuclear  phenotype  as  Ad-Binl,  ruling 
out  a  nonspecific  adenovirus  vector  artifact  (data  not 
shown).  To  determine  whether  Binl  caused  nucleoso- 
mal  DNA  cleavage  (‘DNA  laddering’),  genomic  DNA 
was  isolated  from  cells  infected  with  adenoviral  vectors 
or  treated  with  staurosporine  and  fractionated  by 
agarose  gel  electrophoresis.  Genomic  DNA  degrada¬ 
tion  was  observed  in  cells  infected  by  Ad-Binl  but  not 
by  Ad-lacZ  (see  Figure  5b,  left  panel).  This  result  was 
consistent  with  the  ability  of  Binl  to  induce  positive 
TUNEL  reaction.  However,  Binl  did  not  induce 
nucleosomal  DNA  cleavage,  even  though  this  feature 
could  be  induced  in  HepG2  cells  by  staurosporine  (see 
Figure  5b,  right  panel). 

The  caspase-3  activated  nuclease  DFF/CAD  is 
primarily  responsible  for  nucleosomal  DNA  degrada¬ 
tion  and  chromatin  collapse,  which  is  a  characteristic 
of  classical  or  type  I  apoptosis  (Enari  et  al,,  1998;  Liu 
et  al,  1997;  Woo  et  al,  1998).  The  absence  of  these 
features  suggested  that  Binl  did  not  activate  caspase-3. 
To  confirm  this  likelihood,  caspase-3-like  activities 
were  assayed  in  extracts  from  Ad-Binl -infected  cells 
by  measuring  cleavage  of  the  fluorescent  substrate  Ac- 
DEVD-pNA  (see  Fi^re  5c).  Cleavage  of  Ac-DEVD- 
pNA  by  caspase-3-like  activity  was  monitored  by 
absorbance  at  405  nM  measured  at  various  times  after 
addition  to  extracts.  Exogenous  recombinant  caspase-3 
was  used  as  a  positive  control  for  the  assay.  As 
expected,  staurosporine  induced  caspase-3-like  activity 
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Figure  4  p53  and  Rb  are  dispensable  for  programmed  cell  death 
by  Binl.  SAOS-2  osteosarcoma  cells,  which  have  homozygous 
deletions  of  p53  and  Rb,  were  infected  with  100  m.o.i.  Ad-LacZ 
or  Ad“Binl .  (a)  Morphology.  Cells  were  photographed  48  h  after 
infection  (magnification  =  100  x).  (b)  Flow  cytometry.  Cells  were 
harvested  48  h  after  infection  and  processed  for  TUNEL  assay 
and  propidium  iodide  staining.  Representative  results  from 
analysis  by  flow  cytometry  are  shown.  The  X-axis  corresponds 
to  relative  PI  staining  and  the  Y-axis  to  the  log  of  the  FITC 
signal  reflecting  relative  TUNEL  positivity 


in  cell  extracts.  This  induction  confirmed  that  HepG2 
cells  expressed  pro-caspase-3-like  enzymes  that  were 
competent  for  activation  by  apoptotic  stimuli,  in 
support  of  evidence  of  a  predominent  role  for 
caspase-3  in  classical  apoptotic  responses  in  HepG2 
cells  (Suzuki  et  al.,  1998).  In  contrast,  no  significant 
cleavage  of  Ac-DEVD-pNA  occurred  in  extracts 
prepared  from  cells  infected  with  Ad-Bin  1  or  Ad-LacZ. 
In  Western  blotting  experiments,  we  also  did  not  detect 
proteolytic  cleavage  of  either  pro-caspase-3  or  the 
caspase-3  substrate  PARP  (data  not  shown). 

One  possibility  was  that  Binl  activated  a  caspase 
other  than  caspase-3.  To  assess  this  possibility,  we 
tested  whether  Binl -induced  cell  death  was  suppressed 
by  ZVAD.fmk,  a  broad  spectrum  inhibitor  of  caspases. 
In  these  experiments,  the  relative  number  of  cells 
displaying  sub-Gl  phase  DNA  by  flow  cytometry  was 
used  as  a  measurement  of  PCD.  As  expected, 
ZVAD.fmk  significantly  blocked  staurosporine-induced 
cell  death.  In  contrast,  ZVAD.fmk  did  not  affect  PCD 
by  Binl  even  when  added  at  high  concentrations  (see 
Figure  5d).  Taken  together,  these  results  argued  that 
the  death  process  activated  by  Binl  was  caspase- 
independent. 

To  confirm  this  conclusion  and  gain  additional 
insight  into  this  death  process  we  examined  cells  by 
electron  microscopy.  These  experiments  revealed  cyto¬ 
solic  features  consistent  with  a  programmatic  death 
process  such  as  type  II  apoptosis  (see  Figure  6).  Ad- 
lacZ-infected  cells  showed  no  signs  of  cytopathology. 
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In  contrast,  staurosporine-treated  cells  were  shrunken 
and  exhibited  cytosolic  vacuolation,  chromatin  con¬ 
densation,  and  nuclear  degeneration  (plasma  mem¬ 
brane  blebs  were  also  observed  but  were  not  so 
dramatic  in  this  cell  system).  Ad-Bin  1 -infected  cells 
were  similarly  shrunken  and  heavily  vacuolated. 
Margination  of  chromatin  at  the  nuclear  periphery 
was  evident.  However,  there  was  no  nuclear  degenera¬ 
tion  and  limited  chromatin  condensation  by  compar¬ 
ison  to  staurosporine-treated  cells.  Cell  nuclei  were 
shrunken  relative  to  Ad-LacZ-infected  cells  but  not  so 
severely  as  staurosporine-treated  cells.  Strikingly,  the 
nuclear  lamina  in  Ad-Bin  1 -infected  cells  remained 
essentially  intact.  This  feature  supported  the  lack  of 
caspase  involvement  because  lamins  are  subjected  to 
caspase-mediated  proteolysis  during  PCD  (Lazebnik  et 
al,  1993;  Rao  et  al.,  1996).  In  addition,  lamin  cleavage 
is  separable  from  chromatin  collapse  (Lazebnik  et  al, 

1995)  but  is  important  for  complete  nuclear  degenera¬ 
tion  (Rao  et  al,  1996),  so  the  more  limited  nuclear 
degeneration  in  Ad-Bin  1 -infected  cells  was  also  con¬ 
sistent  with  a  caspase-independent  process.  We  ob¬ 
served  no  ‘exploded’  cells  or  fiocculent  densities  in 
organelles  or  the  cytosol  that  would  signal  necrosis. 

Trials  in  which  ZVAD.fmk  was  added  confirmed  that 
the  PCD  phenotype  induced  by  Binl  was  not  affected 
by  caspase  inhibition.  Addition  of  100  ZVAD.fmk 
reduced  cell  volume  and  induced  the  appearance  of 
focal  densities  in  the  nucleus,  but  these  features  were  a 
nonspecific  artifact  of  ZVAD.fmk,  because  the  same 
features  were  also  apparent  in  Ad-LacZ-infected  cells. 
Interestingly,  ZVAD.fmk  did  not  block  the  Binl 
phenotype,  in  which  cytosolic  vacuolization  predomi¬ 
nated.  In  contrast,  ZVAD.fmk  dramatically  affected 
the  phenotype  of  staurosporine-treated  cells,  reversing 
nuclear  degradation  to  a  large  extent.  We  concluded 
that  Binl  engaged  a  PCD  process  that  was  caspase- 
independent  yet  associated  with  limited  chromatin 
degradation  and  cytosolic  features  of  PCD. 


Cell  death  by  Bin!  is  not  blocked  by  Bcl~2  or 
Fas  pathway  inhibition 

To  further  delineate  the  death  process  activated  by 
Binl  we  investigated  links  to  two  classical  PCD 
regulatory  pathways.  Bcl-2  proteins  inhibit  caspase 
activation  through  their  ability  to  influence  mitochon¬ 
drial  physiology,  whereas  death  receptors  directly 
activate  caspases  (Ashkenazi  and  Dixit,  1998;  Thomp¬ 
son  and  Vander  Heiden,  1999).  HepG2  cell  lines 
overexpressing  Bcl-2  or  a  dominant  inhibitor  of 
FADD,  which  blocks  Fas  signals  (Muzio  et  al, 
1996),  were  tested  for  response  to  Ad-Binl.  One 
would  predict  the  response  would  be  unaffected  by 
Bcl-2  or  Fas  pathway  disruption  if  Binl  acted  in  a 
caspase-independent  manner.  Cells  overexpressing  Bcl- 
2  were  resistant  to  staurosporine-induced  apoptosis 
relative  to  vector  control  cells  (data  not  shown).  In 
contrast,  there  was  no  difference  in  the  susceptibility 
of  cells  overexpressing  Bcl-2  or  the  FADD  dominant 
inhibitor  to  death  induction  by  Binl  (see  Figure  7a). 
On  a  different  line  of  work,  we  had  observed  that 
recombinant  Binl  baculoviruses  increased  the  kinetics 
of  cell  death  in  Sf9  cells,  and  that  Bcl-2  could  not 
inhibit  this  effect  (see  Figure  7b),  despite  the  fact  that 
Bcl-2  inhibits  baculovirus-induced  cell  death  in  this 
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Figure  5  Lack  of  caspase  activation  or  requirement,  (a)  Hoechst  nuclear  stain.  HepG2  cells  seeded  on  cover  slips  were  infected 
with  100  m.o.i.  Ad-LacZ  or  Ad-Binl  and  48  h  later  fixed  and  stained  with  Hoechst  dye,  mounted,  and  examined  by 
immunofluorescence  microscopy.  A  separate  culture  was  treated  with  0.5  staurosporine  as  a  positive  control  for  apoptotic 
morphology.  Cells  were  photographed  at  400  x  magnification,  (b)  Nucleosomal  DNA  degradation.  HepG2  cells  were  infected  with 
viruses  or  treated  with  staurosporine  as  above.  Hirt  DNA  (left  panel)  or  total  genomic  DNA  (right  panel)  was  prepared  and 
analysed  by  agarose  gel  electrophoresis,  (c)  Caspase-3  assay.  HepG2  cells  were  infected  with  m.o.i.  100  Ad-LacZ  or  Ad-Binl  or 
treated  with  0.5  fjM  staurosporine  and  harvested  36  h  later.  Extracts  were  prepared  and  assayed  for  the  presence  of  caspase-3-like 
activity  using  the  colormetric  substrate  Ac-DEVD-pNA.  Reactions  were  monitored  for  production  of  cleavage  product  at  405  nm  at 
the  times  indicated.  Recombinant  caspase-3  was  used  as  a  positive  control,  (d)  Caspase  inhibition  does  not  block  Binl -induced  cell 
death.  HepG2  cells  were  infected  with  100  m.o.i.  Ad-Binl  or  treated  with  0.5  fiM  staurosporine  in  the  presence  or  absence  of  the 
caspase  inhibitor  ZVAD.fmk  at  the  concentration  indicated.  Cells  were  harvested  36  h  later  and  processed  for  flow  cytometry.  The 
graph  shows  the  relative  proportion  of  the  cell  population  undergoing  cell  death,  using  the  appearance  of  sub-Gl  phase  DNA  as  an 
indicator 


system  (Alnemri  et  al,  1992).  In  support  of  these 
results,  we  also  obtained  a  set  of  negative  results  from 
experiments  aimed  at  determining  whether  Binl 
caused  cytochrome  c  release  or  altered  mitochondrial 
membrane  potential  (data  not  shown).  In  summary, 
we  concluded  that  Binl  acted  via  non-classical 
mechanisms  that  were  independent  of  the  Bcl-2  and 
Fas  pathways,  two  chief  regulators  of  caspases  in 
cells. 

SV40  T  antigen  inhibits  induction  of  cell  death  by  Bin! 

In  previous  work,  we  found  that  Binl  inhibited  Ras  co¬ 
transformation  of  primary  rodent  fibroblasts  by  c-Myc 
and  adenovirus  El  A  but  not  by  SV40  large  T  antigen 
(Elliott  et  al,  1999;  Sakamuro  et  al,  1996).  Since  Binl 
activated  a  PCD  process  in  malignantly  transformed 
human  cells  we  hypothesized  that  T  antigen  might 
suppress  these  effects.  This  hypothesis  was  not 
invalidated  by  the  finding  that  p53  and  Rb  were 
dispensable  for  Binl -induced  death,  because  T  antigen 
has  additional  role(s)  in  immortalization  and  human 


cell  transformation  beyond  inactivation  of  these  tumor 
suppressors  (Conzen  and  Cole,  1995;  Hahn  et  al,  1999; 
Powell  et  al,  1999).  The  effects  of  T  antigen  were 
examined  using  WI-38  diploid  fibroblasts  and  a  WI-38 
derivative  that  expresses  T  antigen  (WI-38/T  cells). 
Like  HepG2,  WI-38  cells  are  functionally  null  for  Binl, 
in  this  case  due  to  a  missplicing  event  which  causes 
loss-of-function  identical  to  that  which  occurs  in  Binl 
in  melanoma  (Ge  et  al,  1999).  Western  analysis 
confirmed  RT-PCR  results  (Wechsler-Reya  et  al, 
1997b)  establishing  missplicing  of  brain-specific  exon 
12A  in  WI-38  cells  and  also  in  the  WI-38/T  derivative. 
The  12A  isoform  exhibited  reduced  mobility  on  SDS 
gels  relative  to  wild-type  Binl  (see  Figure  8a,  top 
panel)  and  was  also  recognized  by  a  monoclonal 
antibody  that  is  specific  for  exon  12A-encoded  residues 
(Ge  et  al,  1999)  (see  Figure  8a,  bottom  panel). 

T  antigen  blocked  susceptibility  to  cell  death  by 
Binl  (see  Figure  8b,c).  Loss  of  viability  occurred  only 
if  Ad-MABinl  was  induced  by  coinfection  with  Ad- 
cre  virus.  Death  correlated  with  the  appearance  of 
rounded,  detached  cells  similar  to  the  cytopathic  seen 
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Figure  6  De^th  phenotype.  HepG2  ceils  were  infected  with  m.o.i.  200  Ad-LacZ  or  Ad-Binl  or  treated  with  0.5  fiM  staurosporine 
as  above,  stained  with  osmium  tetroxide,  and  processed  for  electron  microscopy  using  standard  methods.  Where  indicated,  cells 
were  treated  with  100  /xm  ZVAD.fmk.  The  bars  under  each  panel  represent  2  fim 
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Figure  7  PCD  by  Binl  is  not  inhibited  by  Bcl-2  or  Fas  pathway  inhibition,  (a)  BcI-2  or  Fas  pathway  inhibition  does  not  block 
Binl-induced  cell  death.  HepG2  cells  overexpressing  Bcl-2  or  a  dominant  inhibitory  mutant  of  the  Fas-interacting  adaptor  protein 
FADD  (Muzio  et  al.,  1996)  were  infected  with  100  m.o.i.  Ad-vect  or  Ad-MABinl  plus  100  m.o.i.  Ad-cre  and  viability  was  measured 
by  trypan  blue  exclusion  48  h  later.  Inset:  Western  analysis  showing  expression  of  Bcl-2  and  FADD  dominant  negative  (FADD 
DN)  proteins  relative  to  vector  controls  for  each  expression  construct,  (b)  Increased  kinetics  of  insect  cell  death  elicited  by 
recombinant  Binl  baculovirus  are  unaffected  by  Bcl-2.  Sf9  cells  were  infected  as  described  (Alnemri  et  a/.,  1992;  Elliott  et  a/.,  1999b) 
and  the  proportion  of  viable  cells  in  the  culture  were  determined  at  various  times  post-infection.  Inset:  Western  analysis  of  cell 
extracts  processed  at  24  h  after  infection  demonstrating  expression  of  Binl  and  Bcl-2 


in  HepG2  and  other  malignant  cell  lines  (Ge  et  al, 
1999,  2000a).  This  response  confirmed  that  the 
missplicing  and  inactivation  of  Binl  in  WI-38  was 
functionally  meaningful.  Similar  results  were  obtained 
using  derivatives  of  HepG2  that  were  engineered  to 
express  T  antigen  gave  (data  not  shown).  To  confirm 
that  endogenous  misspliced  isoform  in  WI-38  was 
truly  a  loss-of-function  alteration,  we  infected  cells 
with  an  adenoviral  vector  expressing  this  isoform  (Ad- 
MABinl-10+12A)  (Ge  et  ai,  1999).  No  loss  of 
viability  or  cell  detachment  was  observed.  We 


concluded  that  SV40  T  antigen  suppressed  PCD  by 
Binl. 

A  serine  protease  implicated  in  PCD  by  c-Myc  inhibits 
DNA  degradation  by  Binl 

The  serine  protease  inhibitor  AEBSF  (4-(2-aminoethyl) 
benzenesulfonyl  fluoride)  has  been  reported  to  inhibit 
c-Myc-induced  death  in  Rati  fibroblasts  (Kagaya  et 
al,,  1997).  This  report  also  indicated  that  AEBSF  does 
not  block  apoptosis  induced  by  Fas  activation,  the 
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Figure  8  SV40  T  antigen  blocks  cell  death  induction  by  Binl.  (a)  Western  analysis  demonstrates  missplicing  of  exon  12A  in  Binl 
in  WI-38  diploid  fibroblasts.  Previous  results  from  RT~PCR  experiments  demonstrated  the  presence  of  exon  12A  in  Binl  messages 
expressed  in  WI-38  cells  (Wechsler-Reya  et  al.,  1997b).  Top  panel:  extracts  prepared  from  C2C12  myoblasts  (positive  control),  WI- 
38  cells,  and  WI-38  cells  transformed  by  SV40  T  antigen  (WI-38/T  cells;  also  known  as  VA13  cells)  were  analysed  with  anti- Binl 
mAb  99D  (Wechsler-Reya  et  al,  1997a).  The  arrow  indicates  a  slower  mobility  band  in  WI-38  and  WI-38/T  consistent  with  the 
presence  of  aberrantly  spliced  isoform.  Bottom  panel:  extracts  prepared  from  the  human  melanoma  cell  line  WM793  (positive 
control),  WI-38  cells,  and  WI-38/T  cells  were  analysed  with  anti-12A  mAb  (Ge  et  al,  1999).  The  arrow  indicates  a  polypeptide 
including  exon  12-derived  residues  in  WI-38  and  WI-38/T  that  has  identical  mobility  to  the  aberrant  Binl-10+12A  splice  isoform 
expressed  in  human  melanoma  (Ge  et  al,  1999).  (b)  WI-38  cells  are  susceptible  to  Binl  PCD,  which  is  suppressed  by  SV40  T 
antigen.  Cells  were  infected  with  100  m.o.i.  adenoviral  vector  indicated  plus  100  m.o.i.  Ad-cre  and  viable  cells  were  determined  by 
trypan  blue  exclusion  48  h  later,  (c)  Cytopathic  effect  of  Binl  in  WI-38  cells  and  its  inhibition  by  SV40  T  antigen.  Cells  were 
processed  as  above  and  photographed  48  h  after  viral  infection 


cytotoxic  T  cell  granule  protein  granzyme  B,  or  a 
variety  of  cytotoxic  drugs,  nor  did  other  kinds  of  serine 
protease  inhibitors  affect  death  by  c-Myc.  Thus, 
AEBSF  was  a  relatively  specific  inhibitor  of  a  feature 
of  the  death  process(es)  induced  by  c-Myc.  We 
reasoned  that  if  there  was  any  overlap  in  the 
mechanisms  used  by  Binl  and  c-Myc,  then  AEBSF 
might  affect  the  death  process  activated  by  Binl.  To 
test  this  notion,  HepG2  cells  were  infected  with  Ad- 
LaeZ  or  Ad-Bin  1,  or  treated  with  staurosporine,  and 
then  left  untreated  or  treated  with  AEBSF  or  its 


inactive  analog  AEBSA  (4-(2-aminoethyl)benzenesulfo- 
namide).  Flow  cytometery  was  used  to  monitor  the 
appearance  of  sub-Gl  phase  DNA  as  a  measurement 
of  PCD.  In  contrast  to  ZVAD.fmk,  AEBSF  suppressed 
Binl -induced  DNA  degradation  to  the  background 
levels  seen  in  cells  infected  with  Ad-LaeZ  (see  Figure 
9).  This  suppression  reflected  inhibition  of  a  serine 
protease(s),  rather  than  some  nonspecific  effect, 
because  the  inactive  compound  AEBSA  was  ineffective. 
Consistent  with  previous  findings  that  AEBSF  is  not  a 
general  inhibitor  of  apoptosis  (Kagaya  et  al,  1997), 
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Figure  9  Implication  of  a  serine  protease(s)  in  programmed  cell 
death  by  Binl.  HepG2  cells  were  infected  with  100  m.o.i.  Ad-Binl 
or  Ad-LacZ  or  treated  with  0.5  juM  staurosporine  and  left 
untreated  or  treated  additionally  with  0.4  mM  AEBSF  or  its 
inactive  analog  AEBSA.  Cells  were  processed  for  flow  cytometry 
24  h  later.  The  ^aph  presents  the  relative  proportion  of  the  cell 
population  exhibiting  sub-Gl  phase  DNA.  The  mean  and 
standard  error  of  three  trials  is  shown 


under  the  same  conditions  where  AEBSF  suppressed 
the  action  of  Binl  it  did  not  suppress  DNA 
degradation  induced  by  staurosporine  (the  effects  of 
which  were  actually  accentuated  by  AEBSF  treatment). 
Thus,  AEBSF  specifically  inhibited  DNA  degradation 
by  Binl.  We  concluded  Binl  acted  in  part  through 
activation  of  a  serine  protease,  similar  to  c-Myc,  in 
support  of  the  conclusion  that  Binl  and  c-Myc  shared 
certain  PCD  mechanisms. 


Discussion 

Bin!  activated  a  PCD  process  in  malignant  cells 

This  study  defines  a  function  for  the  BAR  family 
adaptor  protein  Binl  in  a  caspase-independent  PCD 
process  that  limits  neoplastic  transformation.  Binl 
function  is  complex  and  regulated  by  alternate  splicing. 
Splice  isoforms  that  interact  with  c-Myc  have  tumor 
suppressor  properties  and  are  missing  or  inactivated  in 
breast  carcinoma,  metastatic  prostate  cancer,  and 
malignant  melanoma  (Ge  et  aL,  1999,  2000a, b; 
Sakamuro  et  al.,  1996).  The  results  of  this  study 
suggest  that  the  antineoplastic  effects  of  these  Binl 
isoforms  in  malignant  cells  are  a  consequence  of  their 
ability  to  activate  PCD.  Caspase-independent  death 
processes  where  cytosolic  features  predominate  without 
accompanying  classical  nuclear  phenotypes  have  been 
termed  type  II  apoptosis.  The  mechanisms  underlying 
this  type  of  PCD  are  poorly  understood.  Two  other 
cancer  suppression  genes,  Pml  and  CD47,  have  been 
reported  to  activate  suicide  programs  with  similar 
features.  Pml  is  a  nuclear  dot-associated  protein  that  is 
disrupted  in  acute  promyelocytic  leukemia.  Expression 
of  wild-type  Pml  in  malignant  cells  engages  a  death 
program  with  features  similar  to  that  engaged  by  Binl 
(Quignon  et  aL,  1998).  CD47  is  a  receptor  for  the 
antiangiogenic  extracellular  matrix  protein  thrombos¬ 
pondin.  CD47  ligation  engages  a  death  program  on 
chronic  lymphocytic  leukemia  cells  (Mateo  et  al, 
1999).  It  is  unclear  whether  these  programs  share  any 
common  aspect.  Nevertheless,  such  caspase-indepen- 
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dent  processes  may  be  important  because  they  are 
evolutionarily  ancient:  ‘classic’  apoptotic  regulators 
such  as  CED-4,  Bak,  and  Bax  elicit  death  in  yeast, 
with  vacuolation  phenotypes  similar  to  those  seen  in 
metazoan  cells,  despite  the  fact  that  yeast  lacks 
caspases  (Ink  et  ai,  1997;  James  et  al.,  1997; 
Jurgensmeier  et  al,  1997;  Xiang  et  ai,  1996).  Such 
programs  may  be  integrated  yet  distinct  from  apopto¬ 
sis,  which  apparently  evolved  later  in  metazoan  cells. 


Independence  from  mitochondrial  processes  and  caspases 

We  found  that  PCD  by  Binl  was  not  subject  to 
suppression  by  Bcl-2  or  to  inhibition  of  the  Fas 
pathway  and  that  cellular  demise  was  not  associated 
with  mitochondrial  alterations.  These  observations 
were  internally  consistent  given  that  the  death  process 
was  caspase-independent.  However,  they  were  unex¬ 
pected  given  that  Binl  interacts  with  c-Myc,  which 
activates  classical  apoptosis  by  eliciting  cytochrome  c 
release  and  subsequent  caspase  activation  (Juin  et  al, 
1999). 

Two  important  issues  impact  consideration  of  this 
apparent  conundrum.  First,  it  seems  likely  that  c-Myc 
acts  in  a  complex  manner  to  induce  death.  Cytochrome 
c  release  has  been  shown  to  be  an  important 
component  of  the  process  activated  by  c-Myc,  but  this 
event  is  apparently  insufficient  (Juin  et  al,  1999).  In 
addition,  as  noted  above,  careful  investigations  have 
shown  that  neither  Bcl-2  nor  caspase  inhibitors  block 
the  death  commitment  decision  induced  by  c-Myc,  but 
rather  the  phenotype  and  kinetics  of  the  execution  step 
(McCarthy  et  al,  1997).  Interestingly,  caspase-indepen¬ 
dent  suicides  that  occur  retain  the  cytosolic  but  not  the 
nuclear  features  of  classical  apoptosis  (McCarthy  et  al, 
1997),  not  unlike  the  death  phenotype  induced  by  Binl. 
It  is  important  to  draw  a  distinction  between  the 
mechanisms  which  affect  death  kinetics  and  those 
which  affect  death  commitment  decisions,  because  in 
slow  growing  tumors  where  c-Myc  is  overexpressed 
(such  as  many  carcinomas)  the  effects  of  Bcl-2  or  other 
antiapoptotic  signals  may  be  insufficient  to  provide 
adequate  escape  from  the  death  penalty  that  is 
associated  with  c-Myc  overexpression.  If  this  is  the 
case,  there  would  be  a  selection  for  loss  of  caspase- 
independent  processes  that  impact  execution  and  that 
are  separate  from  the  mitochondrial  and  death  receptor 
axes. 

A  second  issue  is  the  possibility  that  caspase- 
independent  steps  are  required  for  apoptotic  outcomes 
by  c-Myc  or  other  proapoptotic  stimuli.  A  precedent 
for  this  concern  is  raised  by  studies  of  the  tumor 
suppressor  Pml,  which  activates  caspase-independent 
death  in  tumor  cells  but  which  is  also  necessary  for 
apoptosis  induced  by  a  wide  variety  of  death  stimuli 
(Quignon  et  al,  1998;  Wang  et  al,  1998).  It  is 
interesting  that  the  death  processes  used  by  c-Myc  or 
Binl  are  each  susceptible  to  inhibition  at  some  level  by 
AEBSF,  a  serine  protease  inhibitor  which  does  not 
generally  affect  apoptosis  (Kagaya  et  al,  1997).  Serine 
death  proteases  and  caspases  appear  to  act  in  various 
cells  in  different  but  integrated  hierarchies  (Kagaya  et 
al,  1997;  Wright  et  al,  1997),  so  the  fact  caspases  are 
differentially  activated  by  c-Myc  and  Binl  supports  the 
notion  of  more  than  one  death  signal  emerging  from  c- 
Myc.  Results  from  our  laboratory  using  dominant 
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inhibitory  and  antisense  approaches  support  the 
possibility  that  Binl  may  be  necessary  for  apoptosis 
by  c-Myc  (unpublished  observations).  However,  due  to 
the  unusual  caspase-independent  nature  of  the  Birl 
death  phenotype  in  malignant  cells,  we  are  addressing 
this  question  further  using  cdls  targeted  for  Binl  gene 
deletion.  In  summary,  despite  the  key  role  of  apoptotic 
escape  in  malignant  development,  it  is  notable  that 
caspases  and  other  apoptosome  components  may  be 
inactivated  in  cancer  cells  less  frequently  than  caspas'> 
independent  functions  such  as  Pml  or  Binl  (Ge  et 
1999,  2000a,b;  Mu  et  aL,  1994;  Sakamuro  ei  ai,  1996; 
Zhang  et  aL,  2000).  Our  findings  suggest  that  Binl 
participates  in  some  caspase-independent  process  whic:h 
can  influence  cell  death  commitment  in  malignant  cells. 


Susceptibility  to  inhibition  by  SV40  T  antigen 

We  found  that  the  death  process  activated  by  Binl  was 
susceptible  to  suppression  by  SV40  large  T  antigen. 
The  ability  of  this  tumor  virus  protein  to  block  tlie 
death  process  supported  the  notion  that  its  inactivation 
is  relevant  to  cancer  development.  This  result  was  also 
consistent  with  earlier  findings  that  transformation  of 
rodent  fibroblasts  by  T  antigen  is  not  subject  i:o 
suppression  by  Binl  (Sakamuro  et  aL,  1996).  This 
observation  does  not  conflict  with  the  finding  that  Binl 
acts  independently  of  p53  and  Rb,  because  there  is 
evidence  that  T  antigen  acts  beyond  inactivating  p53 
and  Rb  in  immortalization  and  human  cell  transforma¬ 
tion  (Conzen  and  Cole,  1995;  Hahn  et  aL,  1999;  Powell 
et  al.,  1999).  For  example,  T  antigen  cooperates  with 
activated  Ras  and  the  telomerasc  catalytic  suburit 
TERT  to  cause  malignant  transformation  of  hunum 
cells,  and  one  can  not  complement  the  effects  of  T 
antigen  by  cocxpression  of  the  human  papilloma  virus 
E6  and  E7  proteins  (Hahn  et  al.,  1999),  which 
inactivate  p53  and  Rb,  respectively.  In  this  context,  it 
is  interesting  to  note  that  before  the  discovery  of 
TERT  the  rare  successes  achieved  in  immortalizing 
human  cells  were  achieved  usually  with  T  antigen  or 
SV40  DNA.  Intcrcstin^y,  Binl  is  inactivated  by 
missplicing  in  diploid  Wl-38  cells  in  the  same  manner 
as  in  malignant  melanoma  (Ge  et  ai,  1999)  and  this 
event  makes  them  susceptible  to  killing  by  Binl,  unlilce 
IMR  diploid  fibroblasts.  Thus,  Binl  activation  may  be 
relevant  to  WI-38  biology,  perhaps  affecting  some 
process  also  targeted  by  T  antigen. 


Bin!  function 

Binl  has  two  functions  that  are  varied  by  alternate 
splicing.  The  most  significant  alterations  in  Binl  occur 
in  brain.  Brain  isoforms  localize  to  clathrin-coahud 
vesicles  and  promote  synaptic  vesicle  endocytosis,  like 
amphiphysia,  by  recruiting  enzymes  that  modify  lipids 
and  alter  membrane  structure  (Wigge  and  McMahon, 
1998).  In  contrast,  the  ubiquitous  Binl  isoforms  lack 
sequences  needed  for  targeting  to  clathrin-coatcd 
vesicles  (Ramjaun  and  McPherson,  1998)  and  instead 
exhibit  nuclear  localization  (FJliott  et  aL,  1999; 
Wechsler-Reya  et  aL,  1997a,  1998),  The  c-Myc- 
interacting  isoform  analysed  in  this  study  did  not 
affect  endocytosis  under  conditions  where  it  activated 
cell  death.  PreHminary  examination  of  Bin  1-10,  a 
closely  related  c-Myc-interacting  isoform,  suggest  it 


has  similar  properties  (unpublished  obsei^^ations).  In 
contrast,  isoforms  that  include  brain  exon  12A  did  not 
induce  death,  consistent  with  previous  results  (Oe  et 
aL,  1999).  Thus,  wc  believe  that  the  death  induction 
function  of  Binl  is  a  unique  feature  of  isoforms  that 
can  localize  to  the  nucleus  and  interact  with  (>Myc. 
Binl  isoforms  form  hctcrodimcrs  in  the  brain  (Wigge  et 
aL,  1997).  Therefore,  it  is  tempting  to  speculate  that 
the  endocytosis  connection  in  neurons  reflects  a 
specialized  link  in  those  cells  between  survival  and 
the  achievement  of  a  synaptically  active  state,  which 
would  be  associated  with  neuro transnutter  release  and 
hence  cndocytotic  membrane  trafficking. 

From  a  functional  standpoint,  although  ubiquitous 
Binl  isoforms  are  not  amphiphysin-like,  the  high 
conservation  between  amphiphysiii  and  the  ubiquitous 
Binl  isoforms  nonetheless  suggest  a  functional  connec¬ 
tion  to  membrane  dynamics  at  some  level  (perhaps 
related  lo  internal  vesicle  dynamics).  The  BAR  domain 
comprises  the  major  part  of  this  conservation.  This 
domain  is  crucial  for  death  activity  but  what  it  does  is 
currently  obscure,  A  membrane  connection  is  intri¬ 
guing  in  light  of  emerging  interest  in  possible 
connections  between  autophagy  and  apoptosis 
(Thompson  and  Vander  Heiden,  1999).  However,  we 
have  not  observed  any  death  inhibitory  effects  of  3- 
mcthyladcninc,  a  classical  inhibitor  of  autophagy 
(unpublished  observations).  Nevertheless,  there  is 
certainly  a  precedent  for  a  nucleocytosolic  adaptor 
protein  that  has  dual  functions  in  transcriptional 
regulation  and  membrane  dynamics.  CtBP/BARS  is 
an  adaptor  protein  initially  identified  through  its  ability 
to  interact  with  and  inhibit  the  tumorigenic  activity  of 
adenovirus  El  A  (Schaeper  et  aL,  1995).  CtBF/BAKS 
binds  to  cell  cycle  and  transcriptional  regulatory 
complexes  (Mcloni  et  aL,  1999;  Sew^alt  et  ai,  1999; 
Sollcrbrant  et  al„  1996)  but  it  also  controls  membrane 
vesiculation  in  the  Golgi  complex  (Weigert  et  aL, 
1999).  Parallels  between  ClBP  and  Binl  are  intriguing 
given  their  connections  to  El  A  and  c-Myc,  which  are 
biologically  distant  cousins.  A  complex  nature  for 
Binl,  Uke  that  exhibited  by  CtBP/BARS,  would  not  be 
out  of  step  with  the  complex  and  still  largely  obscure 
nature  of  c-Myc,  whic^  has  a  highly  integrated  cell 
regulatory  function. 

We  did  not  detect  any  changes  in  the  expression  of 
several  target  genes  linked  to  apoptosis  by  c-Myc, 
including  ornithine  decarboxylase,  CE>C25A,  or  Fas 
ligand  (Galaktionov  et  al,  1996;  Hueher  et  ai,  1997; 
Packham  and  Cleveland,  1994),  but  no  target  gene 
identified  to  date  has  been  assigned  an  unambiguous 
role  in  apoptosis  (Dang,  1999;  Evan  and  Littlewood, 
1998).  In  transient  assays,  Binl  can  suppress  c-Myc 
transactivation  and  repress  transcription  when  tethered 
to  DNA  (Elliott  et  al.,  1999).  It  is  unclear  whether 
these  activities  arc  physiologically  germane;  if  they  arc 
cpiphenomenon  of  Myc-Binl  interaction  transient 
assays,  then  Binl  may  have  a  signaling  role  that  is 
unaffiliated  with  transactivation.  The  latter  possibility 
can  be  entertained  since  not  all  biological  actions  of  c- 
Myc  can  be  ascribed  strictly  to  ^ne  regulation  (Giisse 
et  al.,  1989;  Lcmaitrc  et  al,,  1995;  Li  et  ai,  1994; 
Prendergast  and  Cole,  1989;  Yang  et  al.,  Wl)  and 
because  Binl  more  resembles  a  signaling  protein  than  a 
transcription  factor.  Based  on  existing  data,  wc  have 
suggested  that  PCD  by  c-Myc  involves  distina 
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‘priming’  and  ‘triggering’  steps,  the  former  of  which  is 
associated  with  gene  regulation  but  the  latter  of  which 
is  not  (Prendergast,  1999).  Further  investigations  are 
required  to  unravel  the  physiological  relationship 
between  Binl  and  the  proapoptotic  and  transcriptional 
properties  of  c-Myc. 

Binl,  cell  death,  and  cancer 

Cancer  is  characterized  by  dysfunctional  adhesion  and 
cell  survival  signaling.  Our  findings  suggest  that  loss  of 
Binl  may  eliminate  one  mechanism  which  can  limit  the 
consequences  of  inappropriate  activation  of  c-Myc  or 
other  oncogenes.  Suicide  mechanisms  are  progressively 
eliminated  during  neoplastic  progression  (Williams, 
1991),  and  in  invasive  breast  cancers  and  metastatic 
prostate  cancers  where  Binl  losses  occur  frequently 
(Ge  et  al,  2000a,b)  there  is  strong  evidence  that  loss  of 
cell  suicide  capacity  corresponds  with  malignant 
conversion  (Kyprianou  et  al,  1990,  1991;  McDonnell 
et  al,  1992),  However,  malignant  conversion  is 
associated  generally  with  altered  adhesive  capabilities 
that  facilitate  invasion  and  metastasis.  Resistance  to 
anoikis  (adhesion  deprival-induced  cell  suicide)  is  likely 
to  be  a  crucial  feature  of  the  pathophysiology  of 
epithelial  malignancy.  Interestingly,  cell  death  by  many 
oncogenes  including  c-Myc  is  suppressed  by  integrin 
signaling  (Crouch  et  al,  1996),  and  Binl  has  been 
reported  to  interact  with  certain  a-integrins  (Wixler  et 
al,  1999).  The  interaction  between  Abl  kinase  and  Binl 
in  cells  (Kadlec  and  Pendergast,  1997)  may  be 
consistent  with  an  integrin  connection,  given  evidence 
that  Abl  can  become  activated  at  focal  adhesions  where 
integrins  are  localized  (Lewis  et  al,  1996;  Taagepera  et 
al,  1998).  Therefore,  further  investigation  of  the  links 
between  Binl -dependent  cell  death  and  integrin  signal¬ 
ing  may  provide  insights  into  the  significance  of  Binl 
losses  in  cancer  as  well  as  to  mechanisms  that  govern 
cell  death  induction  by  c-Myc  and  other  oncogenes. 


Materials  and  methods 

Recombinant  adenoviruses 

Constitutive  and  inducible  adenoviral  vectors  were  developed 
by  standard  methods.  The  constitutive  virus  Ad-Bin  1 
contained  Binl  cDNA  driven  by  a  cytomegalovirus  (CMV) 
enhancer-promoter  in  place  of  the  El  region  of  the  virus. 
Briefly,  the  full-length  Binl  cDNA  99fE,  that  includes  exons 
1-11  and  13-16  but  not  brain-specific  exons  12A-12D 
(Sakamuro  et  al,  1996;  Wechsler-Reya  et  al,  1997b),  was 
subcloned  into  pAdCMVlink-1.  293  cells  were  cotransfected 
with  this  derivative  plus  Clal-digested  dl7001  adenovirus 
DNA  to  obtain  the  recombinant  virus  by  homologous 
recombination  as  described  (Davis  and  Wilson,  1996).  Similar 
viral  vector  constructions  used  Binl-10  +  12A  isoform,  an 
aberrant  tumor-specific  and  loss-of-function  isoform  (Ge  et 
al,  1999),  or  BinlABAR-C,  a  loss-of-function  deletion 
mutant  lacking  a.a.  126-207  (Elliott  et  al,  1999b).  Plaque- 
purified  clones  were  identified  by  Southern  and  Western 
analysis  and  the  DNA  sequence  of  the  insert  was  determined 
to  verify  wild-type  status.  A  variation  of  up  to  several  hours 
was  noted  in  the  kinetics  of  death  induction  by  different 
preparations  of  Ad-Bin  1.  The  inducible  virus  Ad-MABinl 
was  constructed  similarly  in  a  cre-loxP  adenoviral  system 
kindly  provided  by  FL  Graham  (Anton  and  Graham,  1995). 
Briefly,  the  luciferase  cDNA  in  the  vector  pMA19  (Anton 


and  Graham,  1995)  was  replaced  with  the  99fE  cDNA.  The 
resulting  plasmid  was  cotransfected  into  293  cells  as  above  to 
obtain  the  recombinant  virus  by  homologous  recombination. 
In  this  virus,  the  Binl  cDNA  is  conditionally  expressed  under 
the  control  of  the  cytomegalovirus  (CMV)  promoter,  from 
which  it  is  separated  by  an  loxP-flanked  stuffer  sequence. 
Binl  expression  is  suppressed  in  the  unrearranged  virus 
because  the  stuffer  region  includes  stop  codons  in  all  three 
reading  frames.  The  analogous  Ad-MA19  virus,  which 
expresses  luciferase,  was  a  gift  of  FL  Graham.  In  cells 
expressing  PI  bacteriophage  Cre  site-specific  recombinase,  the 
intervening  stuffer  region  is  removed  by  Cre-mediated 
excision,  leading  to  expression  of  the  transgene.  Ad-vect  is 
a  control  adenovirus  kindly  provided  by  JM  Wilson  which  is 
similar  in  structure  to  the  others  except  that  it  contains  no 
transgene  (Davis  and  Wilson,  1996). 

Cell  culture 

HepG2,  SAOS-2,  and  293  cell  lines  were  maintained  in 
Dulbecco’s  modified  Eagle’s  media  (DMEM)  supplemented 
with  10%  fetal  bovine  serum  (Gibco)  and  50  U/ml  penicillin 
and  streptomycin  (Fisher).  For  adenovirus  infections,  HepG2 
or  SAOS-2  cells  were  plated  at  5  x  10^  cells  per  6  cm  culture 
dish  and  allowed  to  recover  overnight.  Virus  was  added  to 
the  cells  at  the  indicated  m.o.i.  in  a  volume  of  1  ml  of 
DMEM  supplemented  with  2%  fetal  bovine  serum  and 
allowed  to  adhere  for  2-3  h  at  37°C.  Cells  were  then  washed 
and  fed  with  DMEM  10%  FBS.  Where  appropriate,  the 
indicated  concentrations  of  the  broad  spectrum  caspase 
inhibitor  ZVAD.fmk  (Enzyme  Systems  Products)  was  added 
to  cells  at  the  time  of  infection  and  maintained  until 
harvesting.  Thapsigarin  and  staurosporine  (Calbiochem)  were 
used  as  chemical  inducers  of  apoptosis  at  concentrations  of  2 
and  0.5  ^m,  respectively,  and  as  positive  controls  produced 
similar  results.  For  cell  viability  determinations,  cells  were 
harvested  48  h  postinfection  by  trypsinization,  washed  in 
PBS,  stained  with  trypan  blue  and  counted  using  a 
hemacytometer.  Where  indicated,  the  serine  protease  in¬ 
hibitor  4-(2-aminoethyl)-benzenesulfonyl  fluoride  (AEBSF) 
(Sigma)  or  its  inactive  analog  4-(2-aminoethyl)benzenesulfo- 
namide  (AEBSA)  (Aldrich),  which  substitutes  an  amino 
^oup  for  the  crucial  fluoride  moiety  in  AEBSF.  Both 
inhibitors  were  added  to  cells  at  infection  and  maintained 
at  a  final  concentration  of  0.4  mM,  a  concentration  which  is 
nontoxic  but  sufficient  to  suppress  c-Myc-mediated  apoptosis 
(Kagaya  et  al,  1997).  For  electron  microscopy,  HepG2  cells 
were  infected  with  Ad-LacZ  or  Ad-Binl  (m.o.i.  =  100)  or 
treated  with  0.5  /xM  staurosporine  and  where  indicated 
treated  with  100  /xM  ZVAD.fmk.  Adherent  and  floating  cells 
were  harvested  36  h  after  adenoviral  infection  or  24-30  h 
after  staurosporine  treatment  and  processed  for  osmium 
tetroxide  staining  and  electron  microscopy  using  standard 
methods.  Baculovirus  experiments  were  performed  in  the 
insect  cell  line  Sf9  using  full-length  recombinant  viruses 
expressing  Binl,  Bcl-2  or  no  insert,  essentially  as  described 
(Alnemri  et  al,  1992;  Elliott  et  al,  1999b).  Viable  cell  counts 
were  determined  at  the  indicated  times  after  virus  infection  by 
the  trypan  blue  exclusion  method. 


Western  analysis 

Cell  lysates  was  prepared  and  analysed  by  standard  protocols 
(Harlow  and  Lane,  1988).  Briefly,  lysates  were  fractionated 
by  SDS-PAGE,  gels  were  electrophoretically  transferred  to 
ECL  membrane  (Amersham)  or  Immobilon-P  (Millipore). 
Blots  were  blocked  in  3%  skim  milk  and  probed  with  anti- 
Binl  monoclonal  antibodies  99D,  991  or  al2A,  or  anti-Bcl-2 
antibody  #124  (DAKO).  99D  and  991  recognize  epitopes  in 
the  c-Myc  binding  domain  encoded  by  exon  13  whereas  al2A 
recognizes  an  epitope  encoded  by  brain-specific  exon  12A 
(Wechsler-Reya  et  al,  1997a;  Ge  et  al,  1999).  Antibodies 
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were  diluted  1:50  in  FBS  with  2.5%  skim  milk  and  0.1% 
Tween-20  and  incubated  with  the  membrane  12  h  at  4^<1. 
Blots  were  washed  and  incubated  1  h  in  the  same  buffer  with 
secondary  goat  anti-mouse  antibodies  conjugated  to  horss- 
radish  peroxidase  (BMB)  and  developed  using  a  chemilumi¬ 
nescence  kit  using  the  protocol  suggested  by  the  vendor 
(Pierce). 


Immimofluorescence 

Cells  were  seeded  on  coverslips  and  the  next  day  infected 
with  recombinant  adenoviruses  or  treated  with  drugs.  Afhir 
the  periods  indicated  cells  were  washed  twice  with  PB‘5, 
stained  5  rain  with  5  /zg/ml  Hoechst  33323  (Sigma)  dissolved 
in  PBS,  and  analysed  immediately  by  tmmunofluorescenoa. 
For  endocytosis  assays,  cells  seeded  on  coverslipa  wcic 
infected  with  recombinant  adenoviruses  and  20  h  later 
processed  for  fluid-phase  intake  or  receptor-mediated 
endot^tosis  as  described  (Barbieri  et  al.,  1998:  Benmerah  t*t 
aL,  199B).  Briefly,  cells  were  incubated  30  min  in  serum-free 
and  then  treated  with  100  nM  fluoresccin-coujugaied 
transferrin  (Sigma)  (receptor-mediated)  or  2nig/ml  horstJ* 
radish  peroxidase  (^ligma)  in  a2%  BSA  (fluid-phase).  After 
incubation  for  15  min,  cells  were  cooled  to  4°C,  washed  2>c 
with  ice-cold  PBS,  and  fixed  in  3.7%  paraformaldehyde.  Cells 
wrere  mounted  for  analysis  by  confucal  fluorescence  micro-' 
scopy  or  processed  with  horseradish  peroxidase  substrate 
before  microscopic  analysis. 

f'/ow  cytometry 

Cells  were  harvested  by  trypsinization  and  fixed  in  1% 
paraformaldehyde  and  then  80%  ethanol.  TUNEL  assay 
was  prfonned  by  incubating  samples  1  h  et  37°C  in  TdT 
reaction  buffer  (Bochringcr  Mannheini)  and  then  suinin^a; 
30  min  at  room  temperature  with  fluorcsceinated  strq)tavi- 
din  (DuPont).  Cells  were  then  incubated  30  min  at  room 
temperature  with  propidium  iodide.  Alternatively,  to  anaJys-: 
only  DNA  degradation,  cells  were  fixed  in  70%  ethanol  ancl 
pcrmcabilizcd  in  PBS/0,2%  Tweeii-20  followed  by  propi 
dium  iodide  staining  as  described  (Sakamuro  ei  al„  1997). 
Flow  cytometry  was  performed  on  a  EPIC/XL  ceU  analyser 
(Coulter). 
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Lysates  prepared  from  equivalent  numbers  of  ceDs  were  used 
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Assay  System  as  recommended  by  the  vendor  (Biomol 
Research  Laboratories).  Briefly,  duplicate  plates  were 
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BAR  family  proteins  are  a  unique  class  of  adaptor 
proteins  characterized  by  a  common  N-terminal  fold 
of  undetermined  function  termed  the  BAR  domain. 
This  set  of  adaptors,  which  includes  the  mammalian 
proteins  amphiphysin  and  Binl  and  the  yeast  proteins 
Rvsl67p  and  RvslGlp,  has  been  implicated  in  diverse 
cellular  processes,  including  synaptic  vesicle  endocy- 
tosis,  actin  regulation,  di^erentiation,  cell  survival, 
and  tumorigenesis.  Here  we  report  the  identification 
and  characterization  of  Bin2,  a  novel  protein  that  con¬ 
tains  a  BAR  domain  but  that  is  otherwise  structurally 
dissimilar  to  other  members  of  the  BAR  adaptor  fam¬ 
ily.  The  Bin2  gene  is  located  at  chromosome  4q22.1  and 
is  expressed  predominantly  in  hematopoietic  cells. 
Bin2  is  upregulated  during  di^erentiation  of  granulo¬ 
cytes,  suggesting  that  it  functions  in  that  lineage.  Bin2 
formed  a  stable  complex  in  cells  with  Binl,  but  not 
with  amphiphysin,  in  a  BAR  domain-dependent  man¬ 
ner.  This  finding  indicates  that  BAR  domains  have 
specific  preferences  for  interaction.  However,  Bin2 
did  not  influence  endocytosis  in  the  same  manner  as 
hrain-specific  splice  isoforms  of  Binl,  nor  did  it  exhibit 
the  tumor  suppressor  properties  inherent  to  ubiqui¬ 
tous  splice  isoforms  of  Binl.  Thus,  Bin2  appears  to 
encode  a  nonredundant  function  in  the  BAR  adaptor 
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INTRODUCTION 

BAR  proteins  are  a  family  of  adaptor  proteins  impli¬ 
cated  in  a  diverse  set  of  cellular  processes,  including 
cell  growth  control,  cell  survival,  differentiation,  endo¬ 
cytosis,  and  actin  organization.  This  family  is  charac¬ 
terized  by  a  common  N-terminal  domain  termed  the 
BAR  domain  and  includes  the  mammalian  Binl  and 
amphiphysin  proteins  and  the  yeast  Rvsl67  and 
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RvslGl  proteins,  Amphiphysin,  the  first  member  of  the 
BAR  family  to  be  identified,  was  named  for  its  bio¬ 
chemical  properties  rather  than  for  its  cellular  function 
(Lichte  et  ah,  1992).  Subsequent  studies  showed  that 
amphiphysin  is  a  cytosolic  neuronal  protein  and  func¬ 
tions  in  synaptic  vesicle  endocytosis  (Wigge  and  Mc¬ 
Mahon,  1998),  Amphiphysin  also  acts  as  a  paraneo¬ 
plastic  autoimmune  antigen  in  rare  cancers  of  the 
breast,  lung,  and  other  tissues  that  are  associated  clin¬ 
ically  with  certain  nervous  system  disorders  (Antoine 
et  aL,  1999;  Dropcho,  1996;  Folli  et  aL,  1993).  Am¬ 
phiphysin  can  be  detected  in  breast  and  certain  other 
nonneuronal  tissues  (Floyd  et  aL,  1999),  but  it  is  ex¬ 
pressed  predominantly  in  the  central  nervous  system. 

The  yeast  proteins  Rvsl67p  and  RvslGlp  were  iden¬ 
tified  in  a  screen  for  mutations  that  caused  reduced 
viability  upon  nutrient  starvation  (Bauer  et  aL,  1993; 
Crouzet  et  aL,  1991).  Yeast  lacking  these  proteins  can 
proliferate  but  cannot  properly  exit  the  cell  cycle  and 
sporulate  when  starved,  suggesting  roles  in  cell  growth 
regulation.  Rvs  proteins  are  C3d;osolic  and  have  been 
implicated  in  actin  regulation  and  endocytosis  (Balgue- 
rie  et  aL,  1999;  Bauer  et  aL,  1993;  Breton  and  Aigle, 
1998;  Colwill  et  aL,  1999;  Lila  and  Drubin,  1997;  Siva- 
don  et  aL,  1995).  RvslGlp  has  a  unique  function  in  cell 
fusion  during  mating  that  can  be  separated  from  its 
role  in  endocytosis  (Brizzio  et  aL,  1998).  RvslG7p  may 
have  a  unique  role  in  linking  actin  regulation  to  the  cell 
cycle,  insofar  as  it  is  an  important  substrate  for  Pho85p 
(Lee  et  aL,  1998),  a  cell  cycle  kinase  recently  defined  as 
the  yeast  homolog  of  the  mammalian  enz3mie  cdk5 
(Huang  et  aL,  1999;  Nishizawa  et  aL,  1999), 

The  mammalian  Binl  gene  (bridging  integrator- 1) 
encodes  a  set  of  BAR  proteins  with  different  functions 
that  are  generated  by  tissue-specific  splicing.  Binl  was 
identified  initially  through  its  ability  to  interact  with 
and  inhibit  the  oncogenic  properties  of  the  c-Myc  onco¬ 
protein  (Sakamuro  et  aL,  1996).  Subsequent  analysis 
identified  two  ubiquitous  splice  isoforms  and  several 
tissue-specific  splice  isoforms  expressed  predominantly 
in  skeletal  muscle  and  brain  (Butler  et  aL,  1997;  Ram- 
jaun  et  aL,  1997;  Tsutsui  et  aL,  1997;  Wechsler-Reya  et 
aL,  1997b,  1998).  Brain-specific  splice  isoforms  are 
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most  closely  related  to  amphiphysin  and  have  been 
termed  alternately  amphiphysin  II  (Butler  et  aL,  1997; 
Ramjaun  et  aL,  1997;  Tsutsui  et  aL,  1997;  Wigge  et  aL, 
1997;  Wigge  and  McMahon,  1998).  However,  outside 
the  brain  it  is  clear  that  Binl  has  unique  functions  that 
are  not  amphiphysin-like.  First,  ubiquitous  isoforms 
found  outside  the  brain  are  localized  in  the  nucleus  as 
well  as  the  cytosol,  whereas  brain-specific  isoforms  are 
apparently  strictly  cytosolic.  Second,  only  brain-spe¬ 
cific  isoforms  include  sequences  required  for  interac¬ 
tion  with  clathrin  and  elements  of  the  endocytotic  ma¬ 
chinery  (Ramjaun  and  McPherson,  1998).  Although 
amphiphysin  is  commonly  referred  to  as  the  ortholog  of 
Rvsl67,  Binl  may  fulfill  this  role,  since  outside  the 
brain  it  is  closer  in  size  and  structure  as  well  as  ubiq¬ 
uitous  rather  than  tissue  restricted  in  expression.  Nu¬ 
clear  isoforms  that  associate  with  c-Myc  can  suppress 
c-Myc-dependent  gene  activation  and  have  been  impli¬ 
cated  in  the  control  of  cell  proliferation,  differentiation, 
and  programmed  cell  death  (Elliott  et  aL,  1999;  Mao  et 
aL,  1999;  Prendergast,  1999;  Sakamuro  et  aL,  1996; 
Wechsler-Reya  et  aL,  1998).  Moreover,  there  is  exten¬ 
sive  evidence  that  c-Myc-interacting  isoforms  have  tu¬ 
mor  suppressor  properties  that  are  frequently  missing 
or  inactivated  in  human  cancers,  including  malignant 
melanoma,  invasive  breast  cancer,  and  metastatic 
prostate  cancer  (Ge  et  aL,  1999,  2000a,  b).  In  contrast, 
amphiphysin  and  brain-specific  splice  isoforms  of  Binl 
lack  tumor-suppressor  activity.  Significantly,  one 
mechanism  by  which  Binl  is  functionally  inactivated 
in  human  cancer  is  by  missplicing  of  a  neuronal  exon 
(Ge  et  aL,  1999).  Thus,  it  is  clear  that  while  BAR 
adaptor  proteins  share  a  common  domain  they  have 
divergent  physiological  functions. 

In  this  study,  we  report  the  characterization  of  a 
novel  mammalian  BAR  adaptor  protein  termed  Bin2 
(bridging  integrator-2).  The  expression  pattern  of  Bin2 
is  reminiscent  of  amphiphysin  in  that  it  appears  to  be 
largely  tissue  restricted,  except  that  in  the  case  of  Bin2 
it  is  found  predominantly  in  hematopoietic  cells  rather 
than  in  the  central  nervous  system.  Interestingly,  Bin2 
lacks  sequences  found  in  Binl  or  amphiphysin  that 
mediate  interaction  with  c-Myc  or  with  clathrin  and 
the  endocytotic  machinery.  Bin2  also  lacks  a  C-termi- 
nal  SH3  domain  found  in  the  other  mammalian  BAR 
proteins,  instead  including  a  unique  long  C-terminal 
extension.  Consistent  with  these  structural  differ¬ 
ences,  Bin2  lacked  endocytotic  or  antiproliferative 
properties  displayed  by  amphiphysin  and  Binl.  Thus, 
Bin2  encodes  a  novel  and  nonredundant  function  in  the 
BAR  adaptor  gene  family. 

MATERIALS  AND  METHODS 

Cloning  and  plasmid  vectors,  A  TBLASTN  search  of  the  ex¬ 
pressed  sequence  tag  (EST)  database  with  the  amino  acid  sequences 
encompassing  the  C-terminal  of  the  BAR  domain  of  Binl  identified  a 
germinal  B  cell  cDNA  (GenBank  Accession  No.  AA452680)  that 
encoded  a  polypeptide  related  to  but  nonidentical  with  amphiphysin 
or  Binl,  Using  this  EST  cDNA  as  a  probe,  a  full-length  cDNA  was 


obtained  from  a  human  leukocyte  5 '-Stretch  Plus  cDNA  library 
(HL5019t;  Clontech).  The  complete  DNA  sequence  of  this  clone  was 
determined  by  standard  methods  (GenBank  Accession  No. 
AF146531).  Human  genomic  Bin2  BAG  clones,  used  for  chromosome 
mapping  experiments,  were  isolated  by  Genome  Systems,  Inc.,  using 
the  Bin2  cDNA  fragment.  An  epitope-tagged  Bin2  cDNA  was  engi¬ 
neered  by  the  replacement  of  the  initiator  methionine  with  the 
infiuenza  virus  hemaggluttinin  (HA)  epitope  recognized  by  the 
monoclonal  antibody  12CA5  (Niman  et  aL,  1983).  For  in  vivo  expres¬ 
sion  Bin2  and  HA-Bin2  were  subcloned  into  the  mammalian  vector 
pcDNA3. 1/neo  (Invitrogen).  A  similar  vector  for  expression  of  full- 
length  Binl  has  been  described  (Sakamuro  et  aL,  1996;  Wechsler- 
Reya  et  aL,  1998).  Full-length  cDNA  for  Binl- 10-1- 12ABCD  [also 
known  as  amphiphysin  Ila  (Ramjaun  et  aL,  1997)]  or  human  am¬ 
phiphysin  was  also  subcloned  into  pcDNA3. 1/neo  for  expression. 
BAR  deletion  mutants  of  Binl  that  lack  the  amino  acid  residues 
indicated  were  constructed  as  described  (Elliott  et  aL,  1999)  and 
subcloned  for  expression  into  pcDNA3. 1/neo. 

Fluorescence  in  situ  hybridization  (FISH)  chromosome  analysis. 
FISH  was  performed  using  a  Bin2  genomic  BAG  clone  labeled  by 
nick- translation  with  digoxigenin-dUTP  and  metaphase  chromo¬ 
somes  isolated  from  PHA-stimulated  normal  peripheral  blood  lym¬ 
phocytes.  A  biotin-labeled  probe  specific  for  the  centromere  of  chro¬ 
mosome  4  was  also  included  in  the  hybridization.  Slides  were 
developed  using  fiuoresceinated  anti-digoxigenin  antibodies  and 
Texas  red  avidin.  Two  experiments  were  done  and  a  total  of  80 
metaphase  cells  were  analyzed  with  73  exhibiting  specific  labeling. 
Map  location  was  determined  on  chromosome  4  by  measuring  the 
physical  distance  on  10  labeled  chromosomes,  computed  to  be  27%  of 
the  distance  from  the  centromere  to  the  telomere  of  chromosome  arm 
4q,  an  area  that  corresponds  to  band  4q22.1. 

Blot  analyses.  Genomic  DNA  was  isolated  and  analyzed  by 
Southern  analysis  by  standard  methods  (Sambrook  et  aL,  1989) 
using  full-length  Bin2  cDNA  as  a  hybridization  probe.  Total  C5rto- 
plasmic  RNA  was  prepared  from  adherent  cell  lines  as  described 
(Prendergast  and  Gole,  1989).  Total  RNA  from  suspension  cell  lines 
was  isolated  using  a  commercial  kit  employing  TriZol  reagent  (Life 
Technologies).  Fifteen  micrograms  of  RNA  per  lane  was  fractionated 
on  formaldehyde  gels  and  analyzed  essentially  as  described  (Pren¬ 
dergast  and  Gole,  1989),  using  Bin2  cDNA  as  a  hybridization  probe. 

Protein-protein  interaction.  Bin2  or  HA-Bin2  was  cotranslated  in 
vitro  with  Binl  or  amphiphysin  proteins  using  a  commercial  reticu- 
locjrte  extract  kit  (Promega).  Gomplex  formation  was  assessed  by 
immunoprecipitation  with  anti-HA  antibody  12GA5  (BMB),  anti- 
amphiphysin  (Transduction  Laboratory),  or  anti-Binl  antibody  99D 
(Wechsler-Reya  et  aL,  1997a),  followed  by  SDS-PAGE  and  fluorog- 
raphy.  For  in  vivo  experiments,  293T  cells  were  transfected  with 
vectors  for  Binl,  HA-Bin2,  or  no  insert  using  LipofectAmine  2000 
following  the  vendor’s  protocol  (Life  Technologies).  Forty-eight  to 
sixty  h  after  transfection,  cells  were  collected  and  lysed  in  ice-cold 
NP-40  lysis  buffer  [150  mM  NaGl,  0.5%  NP-40,  50  mM  Tris-Gl  (pH 
8.0),  1  mM  PMSF,  1  jag/ml  leupeptin,  0.4  U/ml  aprotinin,  10  /xg/ml 
leupeptin].  Gell  lysates  were  immunoprecipitated  with  Binl  mAb 
99D  or  anti-HA  mAb  12GA5  and  immunoblotted  with  99D  or  the 
polyclonal  anti-HA  antibody  sc-805  (Santa  Gruz  Biotechnology). 

Tissue  culture.  Human  tumor  cell  lines,  293T  cells  (ATGG  GRL- 
1573),  and  GOS7  cells  were  maintained  in  Dulbecco’s  modified  Ea¬ 
gle’s  medium  supplemented  with  10%  fetal  bovine  serum  (Life  Tech¬ 
nologies)  and  50  U/ml  penicillin  and  streptomycin  (Fisher).  The 
human  myeloid  leukemia  cell  line  HL60  was  maintained  in  RPMI 
1640  supplemented  with  15%  FGS  (Life  Technologies)  and  50  U/ml 
penicillin  and  streptomycin  (Fisher). 

Endocytosis  assay.  GOS  cells  were  plated  on  coverslips  and 
transfected  24  h  later  with  expression  vectors  for  Bin2  or  the  Binl 
brain-specific  splice  isoform  Binl-10-H12ABGD  [also  known  as  am¬ 
phiphysin  Ila  (Ramjaun  et  aL,  1997)].  Binl-10-tl2ABGD  has  been 
shown  to  inhibit  transferrin  uptake  in  GOS  cells  (Wigge  et  aL,  1997). 
A  modified  calcium  phosphate  protocol  was  used  for  transfection 
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FIG.  1.  Structure  of  human  Bin2  and  its  relationship  to  the  BAR  family  of  adaptor  proteins.  (A)  Conceptual  translation  of  full-length 
human  Bin2  cDNA  isolated  from  a  leukoc3d:e  library.  (B)  Alignment  of  the  BAR  domains  of  Bin2,  Binl,  and  amphiphysin.  The  BLAST2 
algorithm  was  used  for  alignment;  amphiphysin  was  aligned  manually.  Identical  or  similar  residues  (the  latter  marked  by  a  plus  sign)  are 
indicated  relative  to  the  Bin2  sequence.  (C)  BAR  family  adaptor  proteins.  The  cartoon  compares  the  domain  structure  of  Bin2  with  known 
BAR  proteins  in  mammals  (Binl  and  amphiphysin)  and  the  yeast  Saccharomyces  cerevisiae  (Rvsl67p  and  RvslGlp).  Different  splice  isoforms 
of  Binl  are  noted;  exon  numbers  are  from  Wechsler-Reya  et  al.  (1997b). 


(Chen  and  Okayama,  1987).  Thirty  h  after  transfection,  cells  were 
incubated  with  FITC-conjugated  transferrin  (Molecular  Probes),  and 
transferrin  receptor-mediated  endocytosis  was  monitored  by  indirect 
immunofluorescence  as  described  (Benmarah  et  al.,  1999).  Cells  ex¬ 
pressing  HA-Bin2  or  Binl-10+12ABCD  were  identified  with  mono¬ 
clonal  antibodies  anti-HA  12CA5  or  anti-Binl  99D,  respectively  (Ni- 
man  et  al.,  1983;  Wechsler-Reya  et  al.,  1997a).  A  Texas  red- 
conjugated  horse  anti-mouse  antibody  (Vector)  was  used  to  visualize 
the  primary  antibody. 

RESULTS 

Bin2  is  a  mammalian  BAR  adaptor  protein  that 
lacks  an  SH3  domain.  We  observed  previously  that  a 
polyclonal  Binl  antiserum  crossreacted  with  non-Binl 
polypeptides  in  cells  that  do  not  express  amphiphysin 
(Sakamuro  et  al.,  1996),  suggesting  that  additional 
BAR  family  adaptor  proteins  existed.  Subsequent 
epitope  mapping  of  this  antiserum  defined  a  major 
epitope  at  the  extreme  C-terminus  of  the  BAR  domain 
(Wechsler-Reya  et  al.,  1997a).  A  TBLASTN  search  of 
the  EST  database  with  amino  acid  sequences  derived 
from  this  region  identified  a  partial  germinal  B  cell 


cDNA  (GenBank  Accession  No.  AA452680)  that  en¬ 
coded  a  polypeptide  related  to  but  nonidentical  to  am¬ 
phiphysin  and  Binl.  This  cDNA  was  used  as  a  probe  to 
isolate  full-length  cDNA  clones  from  a  human  leuko- 
cyte  phage  library.  DNA  sequence  analysis  identified  a 
long  open  reading  frame  of  564  aa  rich  in  serine  and 
glutamic  acid  that  has  a  predicted  molecular  mass  of 
61709  Da  (see  Fig.  lA).  Southern  analysis  using  the 
cDNA  probe  confirmed  the  presence  of  Bin2  sequences 
in  human  genomic  DNA  (data  not  shown).  Comparison 
of  Binl  to  the  polypeptide  encoded  by  this  cDNA,  which 
was  termed  Bin2,  confirmed  the  presence  of  a  complete 
BAR  motif  that  was  61%  identical  and  75%  similar  to 
Binl  with  boundaries  of  aa  1-249  in  Bin2  and  aa  1-251 
in  Binl  (see  Fig.  IB).  Bin2  was  identical  to  Binl  within 
the  region  of  the  BAR  domain  that  is  most  highly 
conserved  in  evolution  (aa  138-155).  Amphiphysin  has 
a  nonidentical  residue  in  this  region  and  was  slightly 
less  similar  overall  as  computed  by  the  BLAST  algo¬ 
rithm.  A  second  segment  of  the  BAR  domain  that  was 
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highly  conserved  in  these  proteins  was  aa  23-45, 
which  encompasses  a  region  predicted  to  be  helical  in 
configuration  (data  not  shown).  The  high  degree  of 
conservation  between  the  N-terminal  region  of  Bin2 
and  the  BAR  domains  of  Binl  and  amphiphysin  iden¬ 
tified  Bin2  as  a  third  member  of  the  BAR  family  to  be 
identified  in  mammalian  cells. 

Outside  the  BAR  domain  Bin2  lacked  any  similarity 
to  other  members  of  the  BAR  adaptor  family  (see  Fig. 
1C).  The  C-terminal  regions  in  this  family  exhibit  con¬ 
siderable  structural  diversity,  especially  in  the  case  of 
Binl,  which  is  alternately  spliced  constitutively  or  in  a 
tissue-specific  manner.  The  C-terminal  extension  in 
Bin2  (aa  250-564)  included  acidic  and  serine/proline- 
rich  segments  but  was  otherwise  unrelated  to  either 
BAR  family  adaptors  or  other  known  proteins.  One 
possible  exception  was  a  distant  relationship  noted  by 
database  comparisons  using  the  BLAST  algorithm  be¬ 
tween  the  midsection  of  Bin2  (aa  179-336)  and  a  cen¬ 
tral  region  of  Daxx,  a  ubiquitous  protein  implicated  in 
a  variety  of  nuclear  processes  connected  to  transcrip¬ 
tion  and  programmed  cell  death  (Chang  et  al,  1998; 
Michaelson  et  al.,  1999;  Torii  et  ah,  1999).  The  E  value 
computed  for  the  BLAST  sequence  alignment  (which 
measures  its  relative  significance)  was  higher  than  the 
analogous  alignment  between  Bin2  and  Rvsl61  (9  X 
10 “3  versus  7.6  X  10"^,  respectively).  Nevertheless, 
since  the  score  was  relatively  low  the  significance  of 
this  relationship  was  uncertain.  As  noted  above,  Bin2 
lacked  a  C-terminal  SH3  domain  that  is  found  in  all 
BAR  adaptor  proteins  except  Rvsl61  (Fig.  1C).  How¬ 
ever,  while  Rvsl61  lacks  an  SH3  it  also  lacks  a  C- 
terminal  extension.  Thus,  Bin2  seems  unlikely  to  be 
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FIG.  2.  The  human  Bin2  gene  localizes  to  chromosome  4q22.1. 
Chromosomal  location  of  Bin2  was  mapped  by  FISH  of  metaphase 
chromosomes  isolated  from  PHA-stimulated  normal  peripheral 
blood  lymphocytes.  Probes  were  a  Bin2  genomic  BAG  clone  labeled 
with  digoxigenin-dUTP  and  a  biotin-labeled  DNA  fragment  that 
is  specific  for  the  centromere  of  chromosome  4.  Slides  were  devel¬ 
oped  with  fluoresceinated  anti-digoxigenin  antibodies  and  Texas 
red  avidin.  The  white  arrowheads  indicate  a  representative  pat¬ 
tern  hybridization  of  73  metaphase  chromosome  spreads  ana¬ 
lyzed,  with  red  color  identifying  the  chromosome  4  centromere  and 
green  color  identifying  the  Bin2  locus  on  the  long  arm  of  the 
chromosome.  The  right  side  presents  the  map  location  of  Bin2  as 
computed  by  determining  the  average  physical  distance  between 
labeled  loci  on  10  separate  chromosomes,  an  area  that  corresponds 
to  band  4q22.1. 
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FIG.  3.  Bin2  is  expressed  predominantly  in  hematopoietic  cells  and  is  induced  during  granulocytic  differentiation.  RNAs  isolated  from 
the  tissues  and  cell  lines  indicated  were  subjected  to  Northern  analysis  using  Bin2  cDNA  as  a  hybridization  probe.  Ethidium  bromide-stained 
gels  are  provided  as  RNA  loading  controls,  (A)  Human  tissues.  Blots  were  stripped  and  rehybridized  sequentially  to  Binl  and  amphiphysin 
cDNA  probes  to  contrast  the  patterns  of  expression  of  mammalian  BAR  proteins.  An  apparent  splice  isoform(s)  of  Bin2  is  indicated  by  the 
upper  arrowhead  in  the  top  blot.  The  several  major  splice  isoforms  of  Binl  seen  specifically  in  brain  (Wechsler-Reya  et  aL,  1997b)  are 
indicated  by  the  upper  arrowhead  in  the  middle  blot,  A  ubiquitous  splice  isoform  of  Binl  (second  ubiquitous  form  shown  in  Fig.  1C) 
predominates  in  hematopoietic  cells  and  can  be  seen  in  spleen,  thymus,  and  peripheral  blood  lymphocytes  (PBL).  Amphiphysin  expression 
is  essentially  confined  to  brain.  (B)  Human  cell  lines.  Placenta  and  HepG2  hepatoma  cells  are  positive  and  negative  controls  for  expression, 
respectively.  Top:  lymphoid  cell  lines.  Middle  and  bottom:  adherent  cell  lines  derived  from  breast,  colon,  lung,  liver,  prostate,  glial  cell,  and 
astroc5d:e.  (C)  Bin2  is  induced  during  granulocytic  differentiation.  HL60  promyelocytic  leukemia  cells  were  treated  for  the  times  indicated 
with  DMSO  to  induce  granulocytic  differentiation,  and  RNA  was  isolated  for  Northern  analysis  with  Bin2  cDNA.  Jurkat  is  a  T  lymphoid  cell 
line  and  U937  is  a  myeloid  cell  line  to  compare  expression  in  other  positive  blood  cell  lines. 


the  mammalian  ortholog  of  RvslGl  but  instead  a  gene 
that  arose  later  in  evolution.  Bin2  also  lacked  se¬ 
quences  required  in  Binl  for  interaction  with  c-Myc 
(Elliott  et  al.,  1999;  Sakamuro  et  aL,  1996)  or  in  am¬ 
phiphysin  or  brain-specific  splice  isoforms  of  Binl  for 
interaction  with  clathrin  and  other  elements  of  the 
endocytotic  machinery  (Ramjaun  and  McPherson, 
1998;  P.  de  Camilli,  New  Haven,  CT,  pers.  comm.,  10 
Jan.  1999).  Figure  1C  summarizes  the  structural  fea¬ 
tures  of  BAR  proteins.  Taken  together,  the  structural 
differences  between  Bin2  and  other  members  of  the  BAR 
adaptor  family  suggested  that  Bin2  encoded  a  nonredun- 
dant  function.  We  concluded  that  Bin2  was  a  novel  mam¬ 
malian  BAR  protein  likely  to  play  a  unique  role  in  cells. 

The  human  Bin2  gene  is  located  on  chromosome 
4q22.1  and  exhibits  aberrant  organization  in  hepatoma 
cells.  The  Bin2  cDNA  was  used  to  isolate  three  hu¬ 
man  genomic  BAG  clones  by  standard  methods.  Re¬ 
striction  analysis  and  Southern  hybridization  of  these 
clones  and  comparison  to  genomic  Southern  hybridiza¬ 
tions  confirmed  the  presence  of  Bin2  sequences  and 
ruled  out  the  possibility  that  a  pseudogene  was  cloned. 


One  of  the  clones,  F727,  was  used  to  perform  FISH 
analysis  of  metaphase  chromosomes  isolated  from  nor¬ 
mal  peripheral  blood  lymphocytes.  Specific  hybridiza¬ 
tion  signals  were  detected  on  the  long  arm  of  a  group  B 
chromosome  consistent  with  chromosome  4  on  the  ba¬ 
sis  of  size,  morphology,  and  banding  pattern.  An  exper¬ 
iment  that  included  a  second  probe  specific  for  the 
centromere  sequences  of  chromosome  4  confirmed  this 
interpretation.  A  total  of  80  metaphase  cells  were  an¬ 
alyzed,  with  73  exhibiting  specific  labeling  (see  Fig.  2). 
Measurements  of  10  specifically  labeled  chromosomes 
4  demonstrated  that  the  Bin2-specific  hybridization 
signal  was  located  at  a  position  27%  of  the  distance 
from  the  centromere  to  the  telomere  of  chromosome 
arm  4q,  an  area  corresponding  to  band  4q22.1. 

Bin2  is  expressed  predominantly  in  hematopoietic 
cells  and  is  upregulated  during  monocytic  differentia¬ 
tion.  Northern  analyses  of  human  tissues  and  cell 
lines  were  performed  to  investigate  the  range  of  ex¬ 
pression  of  Bin2  and  to  compare  it  with  amphiphysin 
and  Binl  expression  (see  Fig.  3).  The  major  message 
hybridized  was  —2.6  kb,  which  was  in  reasonable 
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FIG.  4.  Bin2  forms  a  stable  BAR  domain-dependent  complex  with  Binl  but  not  with  amphiphysin.  (A)  Bin2  associates  stably  with  Binl. 
Bin2  and  Binl  cDNAs  were  subjected  to  in  vitro  translation  with  empty  vector  or  with  each  other  in  the  presence  of  [^^Sl methionine.  Two 
microliters  of  IVT  products  was  fractionated  directly  on  SDS-PAGE  (IVT  only);  10  (il  of  IVT  products  was  subjected  to  immunoprecipitation 
with  anti-Binl  antibody  99D  (Wechsler-Reya  et  al.,  1997a)  before  SDS-PAGE  fractionation  and  fluorography.  (B)  Bin2  does  not  interact  with 
amphiphysin.  HA-Bin2  and  amphiphysin  cDNAs  were  subjected  to  in  vitro  translation  and  immunoprecipitation  as  above,  using  anti-HA 
12CA5  or  anti-amphiphysin.  (C)  N-terminal  sequences  in  the  Binl  BAR  domain  are  crucial  for  association  with  Bin2.  A  set  of  Binl  deletion 
mutants  lacking  the  amino  acid  residues  indicated  (Sakamuro  et  al.,  1996)  was  cotranslated  with  Bin2  and  subjected  to  immunoprecipitation, 
SDS-PAGE,  and  fluorography  as  above.  (D)  Bin2  and  Binl  associate  in  vivo.  COS  cells  were  transfected  with  expression  vectors  for  HA-Bin2 
or  Binl  or  with  no  insert.  Cell  extracts  were  prepared  2  days  later  and  subjected  to  IP-Western  analysis  with  anti-Binl  and  anti-HA 
antibodies.  The  left  shows  the  results  of  straight  Western  analysis  with  anti-Binl.  The  right  shows  Western  analysis  using  anti-HA  antibody 
of  immunoprecipitates  generated  by  either  anti-HA  or  anti-Binl.  (E)  Bin2  is  c3^osolic.  COS  cells  were  transfected  as  above  with  HA-Bin2  and 
processed  for  indirect  immunofluorescence  as  described  (Wechsler-Reya  et  al.,  1998),  using  anti-HA  antibody  to  identify  Bin2  and  Texas 
red-conjugated  anti-mouse  IgG  to  visualize  the  antigen. 


agreement  with  the  ~2.2-kb  cDNA  characterized,  but 
an  additional  message  of  —3.5  kb  was  expressed  at 
lower  levels  in  several  tissues  (see  Fig.  3A,  top).  The 
hybridization  stringency  in  the  experiment  was  high, 
suggesting  that  these  messages  were  derived  by  alter¬ 
nate  splicing,  as  seen  in  Binl  (see  Fig.  3A,  middle),  but 
a  distinct  isoform  was  not  ruled  out.  Notably,  steady- 
state  RNA  levels  were  at  least  two  magnitudes  higher 
in  spleen  and  peripheral  blood  leukoc3d;es  than  in  other 
tissues  and  significantly  higher  in  thymus,  colon,  and 
placenta  than  in  other  tissues.  This  pattern  of  expres¬ 
sion  suggested  that  Bin2  might  be  preferentially  ex¬ 
pressed  in  hematopoietic  cells  (colon  and  placenta  are 
comparatively  rich  in  lymphoc3des  and  monocytes,  re¬ 
spectively).  The  pattern  of  Bin2  expression  contrasted 
with  Binl,  which  was  ubiquitous,  with  highest  expres¬ 


sion  in  brain  and  muscle,  and  with  amphiphysin, 
which  was  confined  essentially  to  brain  (see  Fig.  3A, 
bottom). 

Additional  experiments  supported  the  notion  that 
Bin2  was  expressed  predominantly  in  blood  cells  and 
that  its  presence  in  most  tissues  was  a  consequence  of 
its  high  expression  in  hematopoietic  cells  that  are 
present  in  tissue  isolates.  First,  Bin2  was  undetectable 
by  Northern  analysis  of  21  human  cell  lines  derived 
from  a  variety  of  tissues,  including  breast,  lung,  pros¬ 
tate,  brain,  connective  tissue  (fibroblast),  liver,  and 
colon,  despite  detection  of  Bin2  in  these  tissues.  In 
contrast,  Bin2  message  was  strongly  expressed  in  sev¬ 
eral  human  l3anphoid  and  lymphoid  cell  lines,  includ¬ 
ing  GM1500,  ALL200,  BV173,  and  HL60  (see  Fig.  3B). 
Second,  ‘Virtual”  analyses  performed  by  comparing 
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FIG.  5.  Bin2  does  not  inhibit  receptor-mediated  endoc5d:osis.  Transferrin  uptake  as  a  measurement  of  receptor-mediated  endocytosis  was 
assayed  essentially  as  described  (Benmerah  et  aL,  1999).  Briefly,  COS  cells  were  transfected  with  vectors  for  Binl- 10+  12ABCD  (amphiphy- 
sin  Ila)  or  HA-Bin2  and  incubated  24  h  later  with  fluorescein-conjugated  transferrin.  All  cells  were  stained  with  DAPI  to  visualize  DNA. 
Binl-10+12ABCD  and  Bin2  were  detected  with  99D  (1:100  v/v  hybridoma  supernatant)  or  anti-HA  12CA5  (4  pg/ml),  respectively,  using  a 
Texas  red-conjugated  secondary  antibody  (1:200  v/v)  to  visualize  the  proteins  for  immunofluorescence  microscopy.  Images  were  collected  and 
processed  using  a  confocal  microscope  apparatus. 


Bin2  sequences  to  the  EST  database,  which  provides 
information  about  the  tissue  source  for  cDNA  libraries 
(which  enrich  for  tissue-specific  messages),  offered  an 
additional  line  of  confirmation  that  Bin2  is  expressed 
mainly  in  blood  cells  (data  not  shown).  The  likelihood 
that  the  lack  of  expression  in  clonal  cell  lines  was  due 
to  in  vitro  selection  against  antiproliferative  activity 
was  ruled  out  (see  below).  In  summary,  the  results 
argued  that  Bin2  was  expressed  predominantly  in 
blood  cells. 

Consistent  with  a  functional  role  in  blood  lineages, 
we  observed  that  Bin2  was  induced  during  granulo- 
C3rtic  differentiation  of  HL60  cells,  a  promyelocytic  leu¬ 
kemia  cell  line.  HL60  cells  are  induced  to  differentiate 
to  granulocytes  by  treatment  with  dimethyl  sulfoxide 
(DMSO).  Northern  analysis  demonstrated  increased 
steady-state  levels  of  Bin2  RNA  after  5  days  of  DMSO 
treatment  relative  to  early  times  or  to  control  Jurkat  T 
cells  or  U937  myeloid  cells  (see  Fig.  3C).  The  elevation 
of  Bin2  during  myeloid  differentiation  was  reminiscent 
of  a  similar  elevation  of  Binl  that  occurs  during  myo¬ 
blast  differentiation  (Mao  et  aL,  1999;  Wechsler-Reya 
et  aL,  1998).  We  concluded  that  Bin2  was  expressed 
predominantly  in  hematopoietic  cells  and  that  it  was 
likely  to  function  in  granulocytes  and  other  blood  cells. 

Bin2  is  a  cytosolic  protein  that  associates  with  Binl, 
hut  not  amphiphysin,  in  a  BAR-dependent  manner. 
RvslGl  and  Rvsl67  form  complexes  in  yeast,  and  am¬ 
phiphysin  and  Binl  form  stable  complexes  in  brain 
extracts  (Navarro  et  aL,  1997;  Wigge  et  aL,  1997).  We 
therefore  examined  the  ability  of  Bin2  to  interact  with 
Binl  or  amphiphysin  in  vitro  and  in  vivo.  Bin2  cDNA 
was  subjected  to  in  vitro  translation  (IVT)  in  the  pres¬ 
ence  or  absence  of  Binl  or  amphiphysin  and  complex 
formation  was  assessed  by  coimmunoprecipitation  (IP) 
with  anti-Binl  antibody  99D  (Wechsler-Reya  et  aL, 
1997a)  or  an  anti-amphiphysin  antibody,  followed  by 


SDS-PAGE  and  fiuorography.  For  some  experiments, 
a  derivative  of  Bin2  was  constructed  that  included  an 
N-terminal  infiuenza  HA  epitope  tag  that  is  recognized 
by  the  monoclonal  antibody  12CA5  (Niman  et  aL, 
1983).  Expression  of  this  HA-tagged  derivative,  termed 
HA-Bin2,  was  confirmed  by  DNA  sequencing  and  by  in 
vitro  translation  (data  not  shown).  Bin2  migrated  with 
an  apparent  mobility  of  —80  kDa,  greater  than  the 
predicted  molecular  mass  of  —61  kDa  but  reminiscent 
of  the  similar  aberrant  mobility  displayed  by  Binl  on 
Laemmli  gels  (Sakamuro  et  aL,  1996). 

Interestingly,  Bin2  formed  a  stable  complex  with 
Binl  but  not  with  amphiphysin.  Interaction  with  Binl 
was  consistent  with  evidence  that  BAR  proteins  form 
oligomers  (Navarro  et  aL,  1997;  Wigge  et  aL,  1997).  The 
Bin2“Binl  complex  was  stable  under  the  conditions 
used  and  was  approximately  equimolar  (see  Fig.  4A). 
Notably,  under  the  same  conditions  Bin2  and  am¬ 
phiphysin  did  not  form  stable  complexes  (see  Fig.  4B). 
This  result  suggested  either  that  these  proteins  could 
not  form  a  complex  or  that  their  interaction  was  rela¬ 
tively  unstable.  Using  a  set  of  Binl  deletion  mutants 
(Elliott  et  aL,  1999),  we  mapped  the  determinants 
needed  for  interaction  with  Bin2.  Deletion  of  the  so- 
called  unique  central  region  (white  boxes  in  Fig.  1C), 
the  Myc-binding  domain,  or  the  SH3  domain  had  no 
effect  on  the  efficiency  of  Bin2  co-IP  (data  not  shown). 
In  contrast,  deletions  within  the  BAR  domain  reduced 
or  abolished  interaction  (see  Fig.  4C).  A  major  require¬ 
ment  for  interaction  mapped  to  the  N-terminal  region 
of  Binl  (aa  1-122),  which  includes  one  of  the  highly 
conserved  segments  of  the  BAR  domain  (see  Fig.  IB), 
In  contrast,  deletion  of  sequences  comprising  the  C- 
terminal  half  of  the  BAR  domain  (aa  124-207)  reduced 
association  only  about  twofold.  A  second  deletion 
within  this  region  (aa  152-207)  produced  a  similar 
effect,  consistent  with  some  contribution  of  this  region 
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to  the  efficiency  of  Bin2-Binl  interaction.  In  contrast, 
deletion  of  a  short  segment  within  the  most  highly 
conserved  part  of  the  BAR  domain  (aa  143-148)  did  not 
affect  interaction  at  all,  supporting  the  notion  that 
these  sequences  have  a  different  function  (Elliott  et  aL, 
1999).  In  summary,  the  results  indicated  that  N-termi- 
nal  BAR  sequences  in  Binl  were  crucial  for  specific 
complex  formation  with  Binl  and  that  conserved  C- 
terminal  BAR  sequences  had  a  lesser  or  different  role. 

To  confirm  that  Binl  and  Bin2  could  associate  stably 
in  vivo  we  conducted  a  similar  set  of  IP  experiments 
from  extracts  derived  from  COS  cells  transiently  trans¬ 
fected  with  mammalian  expression  vectors.  COS  cells 
were  transfected  with  Binl  and  HA-Bin2  vectors  and 
then  processed  for  IP-Western  analysis  by  standard 
methods.  HA-Bin2  was  observed  specifically  in  Binl 
immunoprecipitates  (see  Fig.  4D).  Similar  results  were 
obtained  by  substituting  in  the  experiment  the  brain- 
specific  isoform  Binl-10+12ABCD,  arguing  that  dif¬ 
ferent  splice  isoforms  of  Binl  that  included  identical 
BAR  domains  could  associate  with  Bin2  similarly  (data 
not  shown).  Binl  splice  isoforms  vary  in  their  subcel- 
lular  localization,  so  we  examined  the  localization  of 
Bin2  in  COS  cells  transfected  with  HA-Bin2  and  pro¬ 
cessed  for  indirect  immunofluorescence  with  anti-HA 
antibody.  Bin2  was  localized  exclusively  in  the  cytosol 
(see  Fig.  4E).  We  concluded  that  Bin2  was  a  C3rtosolic 
protein  that  associated  stably  with  Binl  in  cells  in  a 
BAR  domain-dependent  manner. 

Bin2  does  not  influence  receptor-mediated  endocyto- 
sis.  Brain-specific  splice  isoforms  of  Binl  inhibit  re¬ 
ceptor-mediated  endocjrtosis  when  overexpressed  in 
COS  cells  (Wigge  et  al.,  1997).  To  determine  whether 
Bin2  functions  similarly,  we  compared  its  ability  to 
inhibit  transferrin  uptake  relative  to  the  brain-specific 
isoform  Binl“10+12ABCD.  Briefly,  COS  cells  were 
transfected  with  HA-Bin2  or  Binl-10H-12ABCD,  incu¬ 
bated  24  h  later  with  fluorescein-conjugated  trans¬ 
ferrin,  and  processed  for  indirect  immunofluorescence 
as  described  (Benmarah  et  aL,  1999).  Cells  were 
stained  with  DAPI,  to  locate  cell  nuclei,  and  anti-HA 
or  99D,  to  locate  cells  expressing  HA-Bin2  or 
Binl-10+12ABCD,  respectively. 

We  observed  no  effect  of  Bin2  overexpression  on 
transferrin  endocytosis  in  this  model  (see  Fig.  5). 
Binl-10+12ABCD  markedly  inhibited  transferrin  up¬ 
take,  as  indicated  by  greatly  reduced  fluorescein  signal 
in  transfected  cells.  In  contrast,  untransfected  cells  in 
the  same  microscope  field  were  brightly  stained,  illus¬ 
trating  high  background  levels  of  transferrin  endocy¬ 
tosis  under  these  conditions.  Bin2  lacked  similar  activ¬ 
ity.  Cells  transfected  with  HA-Bin2  exhibited  similar 
levels  of  fluorescein  signal,  relative  to  untransfected 
cells  in  the  same  microscope  field.  In  addition,  merged 
fields  showed  yellow  signal,  illustrating  overlap  of 
green  and  red  signals  for  transferrin  and  Bin2  protein, 
respectively,  confirming  that  Bin2  did  not  inhibit 
transferrin  uptake  (compare  Merge,  Fig.  5).  We  con¬ 


cluded  that  Bin2  does  not  function  similarly  to  Binl  in 
receptor-mediated  endoc3d:osis. 

Bin2  lacks  antiproliferative  activity  and  does  not  af¬ 
fect  the  tumor-suppressor  properties  of  Binl.  Binl  has 
tumor-suppressor  properties  in  malignant  cells  (Elliott 
et  ah,  1999;  Ge  et  aL,  1999,  2000a,  b;  Sakamuro  et  al., 
1996),  so  we  investigated  whether  Bin2  may  have  sim¬ 
ilar  effects  and/or  whether  it  could  influence  the 
growth-inhibitory  activity  of  Binl.  For  these  experi¬ 
ments  we  employed  several  malignant  cell  lines  that 
were  susceptible  to  Binl  suppression  and  that  lack 
Bin2  expression  (thereby  offering  a  useful  null  back¬ 
ground),  including  HepG2  hepatoma,  MCF-7  breast, 
A549  lung,  and  DU145  and  PC3  prostate  cells.  Cells 
were  transfected  with  the  same  expression  vector  used 
above,  which  carries  a  neomycin-resistance  cassette, 
and  stably  transformed  cells  were  selected  in  growth 
medium  containing  G418.  Unlike  the  case  with  Binl 
(Sakamuro  et  al.,  1996),  we  observed  little  if  any  effect 
on  colony  formation  efficiency  relative  to  empty  vector. 
HepG2  exhibited  an  approximately  twofold  suppres¬ 
sion  relative  to  A549  and  other  cell  lines  tested,  which 
showed  no  difference  in  colony  formation  efficiency  (see 
Fig.  6A).  To  determine  whether  the  apparent  suppres¬ 
sion  of  HepG2  reflected  growth  inhibition,  we  cloned 
and  expanded  a  set  of  G418-resistant  HepG2  colonies 
derived  from  Bin2  transfection  and  determined 
whether  the  cells  stably  expressed  Bin2.  Northern 
analysis  indicated  robust  expression  of  Bin2  in  all  in¬ 
dependent  cell  lines  examined  (see  Fig.  6B).  Moreover, 
we  did  not  see  any  detrimental  effect  on  cell  prolifera¬ 
tion  (data  not  shown).  Thus,  Bin2  expression  was  com¬ 
patible  with  in  vitro  proliferation  of  all  the  malignant 
cells  tested,  including  HepG2.  To  investigate  the  pos¬ 
sible  effects  of  Bin2  on  growth  suppression  by  Binl,  we 
performed  a  similar  set  of  colony  formation  experi¬ 
ments  in  HepG2  cells,  except  that  cells  were  cotrans¬ 
fected  with  untagged  empty  vector  or  Bin2  vector  and 
a  neomycin-resistance  gene-tagged  Binl  vector,  Binl 
suppressed  colony  formation,  consistent  with  previous 
observations  (Elliott  et  al.,  1999;  Sakamuro  et  al, 
1996),  and  cotransfection  of  Bin2  did  not  markedly 
influence  this  effect  (see  Fig.  6C).  We  concluded  that  Bin2 
lacked  the  tumor-suppressor  features  inherent  to  Binl. 

DISCUSSION 

This  study  reports  the  molecular  cloning  and  char¬ 
acterization  of  Bin2,  the  third  mammalian  BAR  pro¬ 
tein  to  be  identified.  The  structure,  expression  pat¬ 
terns,  and  preliminary  functional  analysis  of  Bin2  each 
point  to  a  nonredundant  function  for  this  protein  in 
cells.  Bin2  lacked  features  seen  in  the  mammalian 
relatives  Binl  and  amphiphysin,  which  have  been  im¬ 
plicated  in  certain  signal  transduction  events  related, 
respectively,  to  c-Myc  and  c-Abl  in  the  nucleus  (Elliott 
et  al.,  1999;  Kadlec  and  Pendergast,  1997;  Sakamuro  et 
al.,  1996)  and  to  endocytosis  in  the  cytosol  (Butler  et 
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FIG.  6.  Bin2  lacks  antiproliferative  activity  and  does  not  affect 
the  tumor  suppressor  properties  of  Binl.  (A)  Colony  formation  assay. 
HepG2  hepatoma  or  A549  lung  carcinoma  cells  were  transfected 
with  expression  vectors  containing  a  neomycin-resistance  gene  cas¬ 
sette  and  Bin2  cDNA  or  no  insert.  Stable  transformants  were  se¬ 
lected  by  culturing  cells  in  G418.  Colonies  were  scored  ~3  weeks 
later  by  methanol  fixation  and  crystal  violet  staining  and  were 
counteci.  The  results  depict  the  means  and  standard  errors  from 
three  trials.  (B)  Northern  analysis  of  HepG2  cell  lines  derived  from 
transfection  with  Bin2  or  empty  vectors.  Stably  transformed  colonies 
were  ring-cloned  and  expanded  into  cell  lines,  RNA  was  isolated  from 
cells  and  subjected  to  Northern  analysis  using  Bin2  cDNA  as  a 
hybridization  probe.  The  bottom  shows  the  ethidium  bromide- 
stained  gel  before  transfer  as  a  loading  control.  (C)  Bin2  does  not 
affect  the  tumor  suppressor  activity  of  Binl.  Colony  formation  assay 
was  performed  as  above.  Briefly,  HepG2  cells  were  cotransfected 
with  the  expression  vectors  indicated,  and  stably  transformed  colo¬ 
nies  were  selected  in  G418. 


al.,  1997;  Ramjaun  and  McPherson,  1998;  Ramjaun  et 
al,  1997;  Wigge  et  al,  1997;  Wigge  and  McMahon, 
1998).  Bin2  is  the  first  mammalian  BAR  protein  found 


that  lacks  an  SH3  domain.  However,  although  this  is 
also  a  feature  of  the  yeast  Rvsl61  protein,  the  presence 
of  a  C-terminal  extension  in  Bin2  which  the  yeast 
protein  lacks  argues  that  these  proteins  are  not  homol¬ 
ogous.  Bin2  sequences  did  not  give  clear  insight  into  its 
function.  A  distant  similarity  was  seen  between  the 
central  domains  of  Bin2  and  Daxx,  but  the  significance 
of  this  relationship  is  uncertain.  Both  Daxx  and  certain 
Binl  isoforms  appear  to  influence  cell  survival  deci¬ 
sions  at  some  level  but  the  mechanisms  involved  are 
currently  obscure  (Elliott  et  al,,  2000;  Prendergast, 
1999).  Daxx  has  a  physiological  role  in  the  control  of 
programmed  cell  death  (Michaelson  et  al,,  1999)  and  it 
interacts  with  proteins  that  influence  death  decisions, 
such  as  the  Jun  kinase  regulator  apoptosis-signaling 
kinase-1  and  the  tumor-suppressor  Pml  (Chang  et  al,, 
1998;  Quignon  et  al.,  1998;  Torii  et  al,,  1999;  Wang  et 
al.,  1998).  Similarly,  ectopic  complementation  of  the 
frequent  deficiencies  of  Binl  in  cancer  cells  leads  to 
engagement  of  a  programmed  cell  death  process  (Ge  et 
al.,  1999,  2000a).  We  did  not  observe  any  effects  of  Bin2 
on  cell  survival,  but  further  investigation  to  assess  this 
connection  may  be  worthwhile,  insofar  as  it  would  be 
consistent  with  the  role  of  certain  Binl  isoforms  in 
cancer  cells  as  well  as  with  the  role  of  Rvs  proteins  in 
yeast  survival  under  stress  conditions. 

The  human  Bin2  gene  mapped  to  the  long  arm  of 
chromosome  4,  at  position  4q22.1,  and  Bin2  was  ex¬ 
pressed  primarily  in  hematopoietic  cells.  The  4q22.1 
region  has  been  reported  to  be  frequently  disrupted  in 
hepatocarcinoma  and  breast  cancer  (Rashid  et  al., 
1999;  Schwendel  et  al.,  1998;  Tirkkonen  et  al.,  1997; 
Yeh  et  al.,  1996).  However,  while  we  have  obtained 
some  results  consistent  with  aberrant  organization  of 
the  Bin2  gene  in  hepatoma  cell  lines,  polymorphism 
cannot  be  ruled  out,  and  we  did  not  see  any  effect  of 
ectopic  Bin2  on  the  growth  of  hepatoma  cells.  There¬ 
fore,  whether  Bin2  losses  or  inactivation  are  relevant 
to  malignancy  is  unclear.  In  contrast,  a  functional  role 
for  Bin2  in  hematopoietic  cells  was  supported  by  the 
finding  that  Bin2  expression  is  upregulated  during 
granulocytic  differentiation.  In  future  work,  it  will  be 
important  to  examine  expression  further  by  in  situ 
methods  to  determine  the  range  of  potential  Bin2  func¬ 
tions. 

We  found  that  Bin2  formed  a  stable  biochemical 
complex  with  Binl  but  not  with  amphiphysin.  Similar 
complexes  have  been  reported  between  the  BAR  pro¬ 
teins  Rvs  161  and  Rvs  167  in  yeast  and  amphiphysin 
and  Binl  in  mammalian  cells  (Navarro  et  al.,  1997; 
Wigge  et  al.,  1997).  The  finding  that  amphiphysin  did 
not  interact  with  Bin2  is  notable  for  several  reasons. 
First,  it  supports  the  notion  that  Bin2  may  not  function 
in  endocytosis.  Second,  it  corroborates  other  evidence 
that  BAR  proteins  including  amphiphysin  and  Binl 
have  unique  functions,  despite  their  structural  similar¬ 
ities,  insofar  as  Bin2  binds  only  Binl.  Third,  this  find¬ 
ing  is  consistent  with  observations  in  yeast  that  argue 
that  BAR  domains  have  overlapping  but  distinct  func- 
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tions  (Sivadon  et  al.,  1997).  Finally,  it  suggests  that 
BAR  domains  have  specific  oligomerization  potentials, 
therefore  raising  the  possibility  that  mammalian  BAR 
protein  functions  are  varied  by  combinatorial  interac¬ 
tions.  Given  that  amphiphysin  and  Bin2  are  essen¬ 
tially  tissue-restricted  in  expression,  and  possibly  non¬ 
overlapping,  it  is  tempting  to  speculate  that  the 
function  of  Binl  is  differentially  affected  in  tissues  by 
coexpression  with  amphiphysin  or  Bin2. 

We  observed  that  Bin2-Binl  association  required 
N-terminal  sequences  within  the  BAR  domain  that 
include  one  of  its  two  most  highly  conserved  segments 
(aa  23-45).  This  segment  is  predicted  to  assume  helical 
configuration,  so  it  may  participate  in  mediating  asso¬ 
ciation.  In  contrast,  a  second  strongly  conserved  region 
of  the  BAR  domain  which  is  located  in  the  C-terminal 
part  (centered  on  aa  143-148)  was  dispensable  for  in¬ 
teraction,  implying  that  it  has  a  function  other  than 
mediating  BAR  protein  oligomerization.  Consistent 
with  this  likelihood,  the  C-terminal  part  of  BAR  in 
Binl  is  crucial  for  its  tumor  suppressor  properties  (El¬ 
liott  et  aL,  1999).  While  Bin2  is  identical  to  Binl  within 
this  segment,  it  did  not  exhibit  antiproliferative  prop¬ 
erties  like  Binl.  This  difference  in  activity  might  re¬ 
flect  structural  differences  with  Binl  outside  of  the 
BAR  domain,  a  possibility  that  could  also  be  addressed 
by  domain-swapping  experiments.  In  future  work,  it 
will  be  important  to  define  the  physiological  function  of 
Bin2  by  gene  deletion  in  mice  and  to  learn  how  Binl 
function  is  infiuenced  by  Bin2  interaction. 
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Binl  is  a  nucleocytoplasmic  adaptor  protein  and  tumor  suppressor.  A  novel  protein 
termed  Bau  was  identified  through  its  ability  to  interact  with  a  region  of  Binl  required  to 
inhibit  malignant  cell  transformation  by  certain  oncogenes.  Bau  is  a  splice  form  of 
Neurabin-I,  one  of  two  related  F-actin-binding  proteins  that  are  proposed  to  link 
cadherin-based  cell-cell  adhesion  sites  with  the  growth  regulatory  kinase  p70^^*^.  Bau  lacks 
actin-  and  p70^^^-binding  domains  found  in  Neurabin-I  but  includes  coiled-coil  domains 
that  are  part  of  its  central  domain  as  well  as  additional  sequences  not  found  in  Neurabin-I. 
Interaction  with  Binl  requires  the  presence  of  the  U3  region  which  is  alternately  spliced 
in  muscle  cells.  Bau  localizes  to  the  nucleus  and  cytosol.  Like  Binl,  Bau  can  suppress 
oncogene-mediated  transformation  and  inhibit  tumor  cell  growth.  We  suggest  that  Bau 
may  link  Binl  to  the  Neurabin-I/p70^^^  system  in  muscle  and  other  cells,  perhaps 
providing  a  mechanism  to  influence  adhesion-dependent  signals  which  affect  cell  fate. 


Keywords:  Transformation,  tumor  suppressor,  Myc,  adhesion 


INTRODUCTION 

Binl  is  an  adaptor  protein  and  tumor  suppressor 
that  was  identified  initially  through  its  ability  to 
interact  with  and  inhibit  malignant  cell  transforma¬ 
tion  by  the  c-Myc  oncoprotein  (Sakamuro  et  aL, 
1996).  Subsequent  investigations  have  indicated 


complex  roles  for  Binl  in  proliferation,  apopto¬ 
sis,  and  differentiation  (Elliott  et  al,  1999a,b; 
Sakamuro  et  aL,  1999;  Wechsler-Reya  et  ai,  1998). 
The  Binl  gene  undergoes  complex  patterns  of 
alternate  splicing,  especially  in  neurons  (Butler 
et  al,  1997;  Wechsler-Reya  et  aL,  1997b).  Different 
splice  forms  have  been  cloned,  variously  termed 
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SH3P9,  amphiphysin-Iike  protein,  and  amphiphy- 
sin  II,  based  on  the  presence  of  an  SH3  domain, 
SH3-dependent  interaction  with  the  tyrosine 
kinase  c-Abl,  or  structural  relationship  with  the 
neuron-specific  protein  amphiphysin  (Butler  et  r//., 
1997;  Kadlec  and  Pendergast,  1997;  Ramjaun  ctal., 
1997;  Sparks  c/ <7/.,  1996;  Tsutsui  1997;  Wigge 
et  al,  1997a).  All  the  splice  forms  of  Binl  include 
N-  and  C-terminal  regions  related  to  amphiphysin, 
which  is  a  paraneoplastic  autoimmune  antigen 
implicated  in  receptor-mediated  neuronal  endocy- 
tosisand  synaptic  function  (David  cM/.,  1994;  1996; 
Dropcho,  1996;  Wigge  ct  aL,  1997b).  Brain-specific 
splice  forms  of  Binl  termed  amphiphysin  II  inter¬ 
act  with  amphiphysin  and  have  been  implicated  in 
endocytosis  (Wigge  et  al.,  1997a, b).  However,  non¬ 
neuronal  splice  forms  of  Binl  are  unlikely  to  be 
involved  in  endocytosis  because  they  lack  sequences 
required  for  binding  to  clathrin  and  therefore 
localization  to  endocytotic  vesicles  (Ramjaun  and 
McPherson,  1998).  Binl  is  also  related  to  RVS167 
and  RVS161,  two  negative  regulators  of  the  cell 
cycle  in  yeast  which  are  implicated  in  cytoskelctal 
actin  regulation,  endocytosis,  cell  fusion,  and 
karyogamy  (Bauer  et  al.,  1993;  Breton  and  Aigle, 
1998;  Brizzio  1998;  Munn  c/ (7/.,  1995).  Taken 
together,  investigations  of  this  family  of  gene  prod¬ 
ucts,  which  we  have  termed  BAR  family  proteins 
(Binl/Amphiphysin/RVS-related  proteins),  sug¬ 
gests  that  they  are  nucleocytoplasmic  adaptors  that 
link  cytosolic  and  nuclear  events  via  a  novel  set  of 
signal  transduction  pathway(s). 

Binl  inhibits  malignant  growth  by  c-Myc  but 
also  by  adenovirus  El  A  (Elliott  et  al.,  1999b; 
Sakamuro  et  al.,  1996).  The  latter  effects  are 
c-Myc-independent  and  dependent  upon  the  U1 
region  of  Binl  (Elliott  et  al.,  1999b).  An  adjacent 
region  of  Binl  termed  U3  which  is  alternately 
spliced  in  muscle  cells  potentiates  growth  inhibition 
by  Binl  in  those  cells  ( Wechsler-Reya  et  ai,  1998). 
We  performed  a  two  hybrid  screen  to  identify  pro¬ 
teins  which  might  mediate  the  Ul/U3“depcndent 
and  c-Myc-independent  growth  inhibitory  proper¬ 
ties  of  Binl .  In  this  report  we  identify  one  such  pro¬ 
tein  termed  Bau  (Binl -Associated  Ul/U3-speciric 


binding  protein).  Bau  is  a  novel  growth  inhibitory 
protein  and  splice  form  of  Neurabin-I,  which 
associates  with  the  growth  regulatory  kinase 
p70S6K  proposed  to  link  cytoskelctal 

actin  with  cell-cell  adhesion  sites.  Our  findings 
suggest  a  link  between  Binl  and  the  Neurabin-I/ 

p70S6K 

MATERIALS  AND  METHODS 
Two  Hybrid  Analysis 

The  two  hybrid  system,  murine  embryo  cDNA 
library,  and  methodologies  used  to  clone  Bau  have 
been  described  in  detail  elsewhere  (Sakamuro  et  ai, 
1996;  Vojtek  et  ai,  1993).  Briefly,  the  bait  plasmids 
were  marked  with  TRPl  and  used  lex  A  as  a  DNA 
binding  component,  and  the  library  and  prey  plas¬ 
mids  were  marked  with  LEU2  and  used  the  herpes 
simplex  virus  VP16  as  a  transcriptional  trans¬ 
activating  component.  The  10.5  day  embryo  library 
was  constructed  with  cDNA  degraded  by  ran¬ 
dom  DNAse  I  treatment  to  ~  0,5  kb,  treated  with 
Klenow  enzyme.  Not  I  linkered,  and  subcloned 
into  the  bait  plasmid  pVP  16  (S.  Hollenberg,  unpub¬ 
lished  data).  This  library  was  designed  to  identify 
protein  modules  which  might  be  occluded  in  full- 
length  polypeptides.  Yeast  strain  L40  (MATa 
trpl-901  leu2-3,l  12  LYS2 ::  (lexAop)4-HIS3 
URA3 ::  (lexAop)sdacZ)  was  used  for  the  assay 
(Vojtek  et  ai,  1993).  One  hundred  interacting 
clones  cured  of  the  bait  plasmid  were  tested  for 
interaction  by  a  mating  strategy  using  the  L40  deri¬ 
vative  AMR70  (R.  Sternglanz,  unpublished  data). 
Clones  that  complemented  his  auxotrophy  and 
activated  lexA-dependent  expression  of  LaeZ  in 
L40  were  considered  positive  for  interaction,  sub¬ 
cloned,  and  sequenced.  Test  baits  in  AMR70 
included  the  original  lexA-Ul/U3  construct  and  a 
set  of  negative  controls  including  no  insert,  lamin 
(Vojtek  et  ai,  1993),  or  the  control  peptide  FTR- 
HPPVLTPPDQEVI  derived  from  rat  protein 
kinase  C  ^2  (the  latter  which  controls  for  non¬ 
specific  peptide  interactions,  e.g.  peptidases;  G.C.P. 
and  K.  Koblan,  unpublished  results). 
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Plasmid  Construction  and  DNA  Sequencing 

Yeast  two  hybrid  and  E.  coli  glutathione- S-trans- 
ferase  vectors  summarized  in  Figs.  3  and  4  were 
constructed  by  standard  PCR  and  recombinant 
DNA  technology  (cloning  details  are  omitted  to  save 
space  but  are  available  from  G.C.P.).  The  clone 
#100  cDNA  isolated  by  two  hybrid  assay  was  used 
as  a  probe  to  clone  a  ^  1  kb  Bau  cDNA  from  a 
murine  embryo  AZAPII  cDNA  library  (Stratagene) 
using  standard  methods.  The  complete  primary 
structure  of  this  cDNA  was  determined  on  an  auto¬ 
mated  DNA  sequencer  and  assembled  and  analyzed 
with  MacVector  software  (Kodak).  DNA  database 
comparisons  were  performed  using  BLAST  client 
software.  For  expression  in  mammalian  cells,  clone 
#100  and  Bau  cDNAs  were  subcloned  into  the  cyto¬ 
megalovirus  (CMV)  enhancer/promoter-driven 
vectors  pcDNA3  and  pDNA3.1-Myc-His-A  (Invi- 
trogen),  generating  CMV-Bau  and  CMV-BBD 
(clone  #100).  Clone  #100  cDNA  was  modified  with 
a  Kozak  translation  initiation  sequence  by  shuttling 
it  first  into  pATG  (Sakamuro  et  al,  1996).  The  Binl 
vector  CMV-Binl  and  the  oncogenic  H-Ras  vector 
pT22  have  been  described  (Land  et  aL,  1983; 
Sakamuro  et  al,  1996).  The  adenovirus  El  A  vector 
pi  A/neo  and  the  SV40  T  antigen  vector  neoCMV  T 
were  gifts  from  N.  Kohl. 

Northern  Analysis 

Total  cytoplasmic  RNA  was  isolated  and  analyzed 
essentially  as  described  (Prendergast  and  Cole, 
1989).  Total  RNA  from  murine  embryo  and  adult 
tissues  was  a  gift  from  L.  Benjamin.  RNAs  were 
fractionated  on  formaldehyde  gels  and  Northern 
blots  were  hybridized  to  [32P]-labeled  clone  #100 
cDNA  probes  (Church  and  Gilbert,  1984). 

Immunoprecipitation  and  Immunofluorescence 

A  Bau-specific  mouse  monoclonal  antibody  was 
raised  to  a  GST-clone  #100  immunogen  by  the 
Wistar  Hybridoma  Core  Facility.  Briefly,  BALB/c 
mice  were  immunized  with  GST-clone  #100  and 


hybridomas  were  generated  using  the  nonsecreting 
murine  myeloma  T3X63Ag8.Sp2/0  (Koprowski 
et  aL,  1979).  Hybridoma  supernatants  were 
screened  by  ELISA  using  unfused  GST  as  a  negative 
control  and  specificity  was  confirmed  by  immuno¬ 
precipitation  and  Western  blotting  of  recombinant 
proteins.  One  hybridoma  producing  IgG  strongly 
positive  for  the  immunogen  was  used  in  this  study. 
Transiently  transfected  COS  cells  were  metaboli- 
cally  labeled  for  4h  in  DMEM  media  lacking 
methionine  and  cysteine  (Life  Technologies)  with 
75-125  pCi/mL  EXPRESS  labeling  reagent  (NEN) 
and  cell  extracts  were  prepared  in  NP40  buffer  con¬ 
taining  the  protease  inhibitors  leupeptin.  apro- 
tinin,  phenylmethylsulfonyl  fluoride,  and  antipain 
(Harlow  and  Lane,  1988).  Immunoprecipitation 
was  performed  using  100  pL  hybridoma  super¬ 
natant  followed  by  SDS-PAGE  and  fluorography 
as  described  (Sakamuro  et  aL,  1996).  For  indirect 
immunofluorescence,  COS  cells  were  seeded  onto 
glass  cover  slips  in  6  cm  dishes  and  the  next  day 
transfected  overnight  with  4pg  CMV-Bau  or 
pcDNA3  vector.  Two  days  later  cells  were  washed 
and  processed  for  immunofluorescence  essentially 
as  described  (Prendergast  and  Ziff,  1991;  Wechsler- 
Reya  et  aL,  1997a)  using  100  pL  of  anti-Bau  IgG 
and  a  1 : 1000  dilution  of  fluorescein-conjugated 
anti-rabbit  IgG  (Cappel)  as  the  secondary  anti¬ 
body.  Stained  cells  were  photographed  using  a 
Leitz  fluorescence  microscope  apparatus. 

GST  Pulldown  Assay 

Glutathione-S-transferase  (GST)  fusion  polypep¬ 
tides  were  expressed  and  purified  from  E.  coli  cell 
extracts  on  glutathione-Sepharose  (Pharmacia) 
using  protocols  supplied  by  the  vendor.  ^^S-methio- 
nine  labeled  polypeptides  were  generated  by  in  vitro 
translation  of  CMV-Bau  or  CMV-BBD  (clone 
#100)  using  TNT  rabbit  reticulocyte  lysates  (Pro- 
mega).  Approximately  5pg  of  GST  protein  and 
10  pL  of  an  IVT  reaction  were  added  to  0.5  mL 
binding  buffer  (10 mM  TrisHCl  pH  7.5,  5mM 
EDTA,  100 mM  NaCl,  0.5%  NP40),  incubated  1  h 
at  4°C  on  a  nutator  shaker,  and  washed  four  times 


102 


J.  DUHADAWAY  et  al. 


with  binding  buffer.  Bound  peptides  were  eluted  by 
boiling  in  SDS  gel  loading  buffer  and  then  analyzed 
by  SDS-PAGE  and  fluorography. 

Tissue  Culture 

Cells  were  cultured  in  Dulbecco’s  modified  Eagle’s 
media  (DMEM)  supplemented  with  10%  fetal 
bovine  serum  (Life  Technologies)  and  50U/mL 
each  penicillin  and  streptomycin  (Fisher).  Primary 
rat  embryo  fibroblasts  (REFs;  Whittaker  Bioprod> 
ucts)  were  cultured  and  transfected  as  described 
(Prendergast  et  a!.,  1992).  Briefly,  secondary  pas¬ 
sage  REFs  seeded  into  1 0  cm  dishes  were  transfected 
overnight  by  a  calcium  phosphate  coprecipitation 
method  (Chen  and  Okayama,  1987)  with  5  pg  each 
pi  A/neo  or  neoCMV  T  plus  lOpg  of  the  CMV 
vector  indicated,  passaged  1  : 5  the  next  day,  and 
then  fed  with  normal  growth  media  until  foci  were 
scored  by  methanol  fixation  and  crystal  violet 
staining  12-14  days  later.  Colony  formation  assays 
in  HepG2  were  performed  as  described  using  2  pg  of 
the  vectors  indicated.  Cells  were  cultured  in  growth 
media  containing  0.75  mg/mL  G41 8  (Life  Technol¬ 
ogies)  to  select  for  the  neomycin  resistance  gene 
cassette  on  the  CMV  vector.  Colonies  were  scored 
by  methanol  fixation  and  crystal  violet  staining  ~  3 
weeks  after  transfection. 


RESULTS 

To  identify  Ul/U3-binding  proteins  a  55  aa  non¬ 
transactivating  fragment  of  Binl  that  included 
the  U1  and  U3  regions  (aa  214-269)  (Elliott  et  al., 
1999b;  Sakamuro  et  al.,  1 996)  was  used  as  “bait”  in  a 
lexA/VP16-based  two  hybrid  screen  (see  Materials 
and  Methods).  One  hundred  clones  from  a  set  of 
425  Ul/U3-interacting  candidates  obtained  in  a 
screen  of  ^  7  x  10^  cDNAs  from  a  murine  10.5  day 
embryo  library  were  analyzed  by  a  mating  strategy 
as  described  previously  (Sakamuro  et  al.,  1996). 
Nonspecific  interactions  with  empty  vector,  lamin, 
or  a  control  peptide  derived  from  protein  kinase  C 
(PKC)  peptide  were  discarded.  Two  sequences  were 


represented  among  7  clones  obtained  that  were 
strongly  positive  and  specific  for  U 1  /U3  interaction, 
as  indicated  by  complementation  of  his  auxotrophy 
and  activation  of  lacZ  activity  in  L40  cells  (data 
not  shown).  Two  of  the  clones  were  novel  and  had 
different  fusion  junctions  with  lexA.  The  complete 
sequence  of  one  of  these,  clone  #  1 00,  incl  uded  a  1 46 
aa  open  reading  frame  (ORF)  that  was  unrelated 
to  known  sequences  at  the  time  of  cloning.  Prelimi¬ 
nary  Northern  analysis  usine  clone  #100  as  a  probe 
showed  hybridization  to  a  ~10kb  brain-  and 
muscle-specific  RNA  and  a  more  widely  expressed 
~  1.3  kb  RNA.  Nakanishi  c/^/.  (1997)  subsequently 
reported  the  ~10kb  message  as  Neurabin-I  but 
did  not  refer  to  the  smaller  message.  Binl  is 
abundant  in  brain  and  muscle  but  is  also  more 
widely  expressed  like  Ban  so  we  proceeded  to 
characterize  a  full  length  cDNA  for  the  smaller 
^  1.3  kb  message,  which  was  isolated  by  standard 
methods  from  a  lambda  phage  murine  El 0.5 
embryo  library.  Figure  1  shows  the  structure  of 
the  protein  encoded  by  this  cDNA,  termed  Ban  (for 
Binl -Associated  U l/U3-specific  binding  protein), 
and  illustrates  its  relationship  to  Neurabin-I.  Ban 
comprised  a  293  aa  ORF  with  a  predicted  MW  of 
34080.  By  inference  the  Binl -binding  domain 
(BBD)  as  encompassed  by  clone  #100  was  located 
between  aa  66-207  of  Bau.  The  region  of  identity 
between  Bau  and  Neurabin-1  encompassed  two 
helical  regions  predicted  to  participate  in  coiled- 
coil  interactions  (aa  739-779  and  aa  787-834, 
marked  helices  h  and  c  in  Fig.  1,  respectively).  Both 
were  also  included  within  the  BBD  as  defined  by 
clone  #100.  Interestingly,  while  aa  1-255  in  Bau 
was  identical  to  rat  Ncurabin-1  (aa  665-920)  the  C- 
terminal  region  from  aa  256-293  diverged  (hatched 
segment  in  Fig.  1 ).  Taken  together  the  results  argued 
that  the  ~  1.3  kb  message  encoding  Bau  was  an 
alternately  spliced  form  of  Neurabin-1. 

Bau  is  More  Widely  Expressed  than  Neurabin-1 
and  Localizes  to  the  Nucleus  and  Cytosol 

Northern  analysis  of  a  panel  of  embryonic  and 
adult  mouse  tissues  showed  that  Bau  expression 
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FIGURE  1  Bau  structure.  Top,  amino  acid  sequence  of  Bau  and  BBD  defined  by  clone  100  (partial  two  hybrid  cDNA).  The 
N-terminal  sequences  that  are  underlined  are  shared  with  Neurabin-I  (Nakanishi  et  al.,  1997);  the  remaining  C-terminal  sequences 
are  unique  to  Bau.  Bottom,  cartoon  depicting  Neurabin-I,  Bau,  and  Binl  structure.  Features  of  Neurabin-I  including  F-actin- 
binding  and  PDZ  domains  and  a,  b,  c,  d  helices  predicted  to  participate  in  coiled-coil  interactions  are  taken  from  Nakanishi  et  al., 
1997.  The  BBD  defined  by  clone  100  encompasses  the  b,c  coiled-coil  helices.  The  hatched  bar  in  Bau  depicts  unique  sequences 
not  found  in  Neurabin-I.  The  U1  and  U3  sequences  in  the  central  region  of  Binl  used  as  ‘‘bait”  in  the  two  hybrid  screen  are 
shaded  and  stippled,  respectively.  BAR,  Binl/amphiphysin/RVS-related  domain;  MBD,  Myc-binding  domain;  SH3,  Sre  homol- 
ogy-3  domain. 


Binl, 


i; 
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overlapped  with  Neurabin-I  but  was  more  ubiqui¬ 
tous  (see  Fig.  2A).  A  testis-specific  band  of  ~  2.5  kb 
was  also  hybridized  by  the  Bau  cDNA  (Fig.  2A, 
right  arrowhead).  Bau  was  expressed  in  human 
diploid  WI-38  fibroblasts  lacking  detectable  Neur¬ 
abin-I  but  similar  to  Binl  (Sakamuro  et  al.,  1996) 
its  expression  varied  in  malignant  human  cells  (see 
Fig.  2B).  Binl  is  localized  in  the  nucleus  but  also 
in  the  cytoplasm  of  certain  cell  types  so  it  was  of 
interest  to  determine  Bau  localization.  COS  cells 


were  transiently  transfected  with  expression  vectors 
for  Bau,  clone  #100,  or  Binl  and  cell  extracts  were 
subjected  to  immunoprecipitation  with  a  mono¬ 
clonal  antibody  (mAb)  raised  to  Bau  (see  Fig.  2C). 
A  ^  45  or  ~  23  kD  polypeptide  was  precipitated 
from  cells  transfected  with  Bau  or  clone  #100, 
respectively.  Both  were  larger  than  the  ^34  and 
~17kD  polypeptides  predicted  on  the  basis  of 
amino  acid  sequence  but  each  was  specific,  insofar 
as  Binl  was  not  precipitated  by  the  anti-Bau  mAb 
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FIGURE  2  Bail  expression  and  localization.  (A)  Northern  analysis  of  mouse  tissues.  Northern  blot  of  total  cytoplasmic  RNA 
from  embryonic  and  adult  mouse  tissues  was  hybridized  with  a  radiolabeled  murine  clone  100  probe.  The  large  Neurabin-I  and 
small  Bail  messages  are  indicated.  The  asterisk  indicates  an  additional  Neurabin-I/Bau-related  message  in  adult  kidney  and  testis. 
The  Northern  gel  was  photographed  before  transfer  to  document  equivalent  RNA  loading.  (B)  Northern  analysis  of  human  cells. 
Northern  blot  of  total  cytoplasmic  RNA  from  WI-38  diploid  fibroblasts,  DU  145  prostate  carcinoma,  SK-CO-1  colon  carcinoma, 
and  HeLa  cervix  carcinoma  cells  was  hybridized  as  above.  (C)  Immunoprecipitation  of  recombinant  Ban  and  BBD  (clone  100). 
Extracts  from  COS  cells  transfected  with  the  CMV  vector  indicated  and  metabolically  labeled  with  methionine  were  subjected 
to  immunoprecipitation  with  an  anti-Bau  monoclonal  antibody.  Immunoprccipitatcs  were  fractionated  by  SDS-PAGE  and  the 
gel  was  dried  and  fluorographed.  (D)  COS  immunofluorescence.  COS  cells  were  transfected  with  CMV-Bau  and  processed  for 
indirect  immunofluorescence  using  anti-Bau  monoclonal  antibody.  Nuclei  were  identified  by  DAPI  counterstain. 


from  COS  cells  transfected  with  a  vector  for  that 
protein  and  little  background  was  present.  Further 
immunoprecipitations  with  the  same  mAb  identi¬ 
fied  a  ~45kD  band  in  differentiated  C2C12  myo¬ 
blasts  (data  not  shown),  a  model  for  analysis  of 
Binl  function  (Wechsler-Reya  et  al.,  1998),  con¬ 
sistent  with  its  identity  as  Bau  and  suggesting  that 
it  had  an  aberrant  mobility  on  SDS  gels.  Indirect 
immunofluorescence  was  performed  following 
similar  transfection  of  COS  cells.  Bau  was  found 
to  localize  in  both  the  nucleus  and  cytoplasm  with 


a  slight  preference  for  the  former  in  cells  where  its 
expression  was  elevated.  The  localization  results 
supported  the  possibility  that  Bau  and  Binl  may 
interact  in  cells. 

Bau  Interacts  with  Binl 

Association  between  Bau  and  the  Binl  U1/U3 
region  was  documented  by  two  hybrid  assay  and 
GST  pulldown  experiments  (sec  Fig.  3).  In  two 
hybrid  assays,  while  interaction  was  strongest  with 
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FIGURE  3  Two  hybrid  analysis.  (A)  Interaction  vectors.  LexA-based  “bait”  plasmids  marked  with  TRPl  and  VP16-based 
“prey”  plasmids  marked  with  LEU2  used  in  the  experiment  are  shown.  (B)  Growth  on  Yc-trp/leu  plates.  Complementation  of 
trp/leu  auxotrophy  in  L40  yeast  cells  documents  presence  of  “bait”  and  “prey”  interaction  plasmids,  (i)  lexA-Ul/U3  +  VP  16-clone 
100;  (ii)  lexA-Ul/U3  +  VP16-Binl;  (hi)  lexA-Ul/U3  +  VP16;  (iv)  lexA-Ul/U3A229~269  +  VPl 6-clone  100;  (v)  lexA-Ul/U3A229- 
269  +  VP16;  (vi)  lexA-lamin  + VP  16-clone  100;  (vii)  lexA-lamin  + VP  16-Bin;  (viii)  lexA-lamin VP16.  (C)  Growth  on  Yc-trp/leu/ 
his  plates.  Interaction  between  U1/U3  and  clone  100  implied  by  complementation  of  his  auxotrophy  in  L40  cells  expressing  lexA- 
U1/U3  and  VPl 6-clone  100  (i).  Weak  interaction  was  still  detected  with  U1/U3A229-269  implying  that  aa  214-229  in  this 
determinant  in  the  BAR-C  domain  of  Binl  (Elliott  et  al.,  1999b)  contributes  to  binding. 


the  full  U1/U3  bait,  a  weaker  but  specific  interac¬ 
tion  persisted  in  the  absence  of  U 1  /U3  if  aa  2 14-229 
from  the  highly  conserved  BAR-C  region  were 
retained.  This  suggested  that  BAR-C  included  a 
determinant  that  contributes  to  Bau  binding.  GST 
pulldown  experiments  confirmed  that  the  interac¬ 
tion  was  due  to  direct  biochemical  association  and 
revealed  that  both  U1  and  U3  were  required  for 
efficient  Bau  binding  (see  Fig.  4).  U3  is  spliced 
specifically  into  Binl  during  differentiation  of 
muscle  (Wechsler-Reya  et  al,  1998)  so  this  implied 
that  Binl -Bau  interaction  may  be  most  prominent 
in  that  tissue. 

Bau  Inhibits  Malignant  Cell  Growth 

Binl  is  a  tumor  suppressor  that  can  inhibit  malig¬ 
nant  cell  transformation  by  c-Myc  and  adenovirus 
El  A  but  not  by  SV40  T  antigen  (Elliott  et  al,  1999b; 
Sakamuro  et  al,  1996).  As  indicated  above,  U1  had 
been  of  interest  since  its  integrity  was  necessary  for 
Binl  to  suppress  transformation  by  El  A  but  not  by 
c-Myc  (Elliott  et  al,  1999b).  To  determine  if  Bau 
acted  similarly  to  Binl  we  asked  whether  it  also 
inhibited  malignant  cell  transformation,  using  the 
standard  rat  embryo  fibroblast  (REF)  Ras  cotrans¬ 
formation  assay.  Similar  to  Binl,  Bau  suppressed 


transformation  by  El  A  but  not  by  T  antigen  and 
the  BBD  (clone  #100)  was  sufficient  for  this  effect 
(see  Fig.  5).  Additional  experiments  indicated  that 
Bau  could  augment  inhibition  by  Binl  but  that  Bau 
was  dispensable  for  the  latter,  since  antisense  Bau 
had  no  effect  on  the  ability  of  Binl  to  suppress  El  A 
transformation  (data  not  shown).  Nevertheless,  a 
link  between  Binl  U1  and  Bau  was  supported  by 
observations  that  neither  Bau  nor  BBD  signifi¬ 
cantly  affected  transformation  by  c-Myc  (data  not 
shown).  Thus,  Bau  mimicked  the  ability  of  Binl  to 
suppress  the  oncogenic  properties  of  El  A  but  not 
c-Myc.  To  determine  if  Bau  also  had  tumor 
suppressor  effects  we  tested  its  effects  on  HepG2 
growth,  using  a  colony  formation  experiment 
used  to  assay  Binl  activity  (Elliott  et  al,  1999b; 
Sakamuro  et  al,  1996).  In  this  assay,  Bau  and  BBD 
exhibited  growth  inhibitory  activity  that  was  sig¬ 
nificant  but  modest  relative  to  Binl  (see  Fig.  6).  The 
limited  activity  displayed  by  Bau  was  correlated 
with  its  ability  to  block  the  oncogenic  effects  of 
El  A  but  not  c-Myc. 

DISCUSSION 

In  this  study  we  characterized  a  novel  splice  form 
of  the  Neurabin-I  gene  termed  Bau  and  showed 


106 


J.  DUHADAWAY  et  al. 


clone  100  (Bau  BBD) 


FIGURE  4  Biochemical  interaction.  (A)  Production  of  GST  fusion  proteins.  GST  fusion  proteins  produced  in  E.  coli  by 
standard  methods  were  fractionated  by  SDS-PAGE  and  the  gel  was  fixed  and  stained  with  Coomassie  blue.  Protein  structures 
are  illustrated  to  the  right  of  the  gel  photo.  (B)  Binding  assay.  The  GST  fusion  proteins  indicated  were  incubated  in  binding 
buffer  with  ^'*'S-methionine-labclcd  clone  100  (Bau  BBD)  or  full-length  Bau  generated  by  in  vitro  translation.  Protein  bound 
following  four  washes  with  binding  buffer  was  eluted  and  analyzed  by  SDS-PAGE  and  fluorography. 


that  it  can  interact  with  Binl  and  inhibit  the  onco¬ 
genic  properties  of  the  El  A  oncoprotein.  Ban  inter¬ 
action  depended  on  the  U 1  region  that  is  required 
for  the  c-Myc-independent  growth  inhibitory  prop¬ 
erties  of  Binl  (Elliott  etaL,  1999b).  Although  Bau  is 
a  splice  variant  of  Neurabin-I  that  included  diver¬ 
gent  sequences,  the  region  of  Bau  required  for  Binl 
interaction  was  entirely  included  in  Neurabin-I. 
Thus,  it  is  quite  conceivable  that  Binl  interacts  with 
Neurabin-I  in  cells.  Neurabin-I  was  initially  identi¬ 
fied  as  an  F-actin-binding  protein  that  is  abundant 


in  neurons  and  concentrated  at  synapses  (Nakanishi 
et  al.,  1997).  A  subsequent  study  confirmed  con¬ 
centration  at  synaptosomes  and  demonstrated  that 
Neurabin-I  interacts  via  its  PDZ  domain  with  S6 
kinase  (p70^^^),  an  important  regulator  of  trans¬ 
lation  and  cell  growth  (Burnett  et  a!.,  1998).  An  iso¬ 
form  of  Neurabin-I  that  is  ubiquitously  expressed 
is  termed  Spinophilin,  Neurabin-II,  or  KS5  (Allen 
et  al.,  1997;  Satoh  et  al.,  1998;  Suh  et  al., 
1998).  Spinophilin  is  a  protein  phosphatase- 1- 
binding  protein  that  localizes  to  dendritic  spines 
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FIGURE  5  Bau  suppresses  malignant  cell  transformation  by  adenovirus  El  A.  (A)  REF  focus  formation  assay.  Rat  embryo 
fibroblasts  were  cotransfected  with  5  jag  vectors  for  adenovirus  El  A  or  SV40  T  antigen  and  oncogenic  H-Ras  as  described 
(Prendergast  et  al,  1992)  plus  10  pg  of  the  indicated  CMV  vectors.  Transformed  cell  foci  was  scored  12-16  days  later.  The  results 
are  depicted  as  a  proportion  of  the  foci  generated  in  the  presence  of  vector  only.  The  mean  and  standard  error  determined  from 
four  trials  is  shown.  (B)  Representative  results.  A  set  of  dishes  from  one  trial  that  included  Binl  as  a  positive  control  for 
suppression  is  shown. 


(Allen  et  al.^  1997)  in  neurons  and  to  adherens 
junctions  in  nonneuronal  cells  (Satoh  et  ai,  1998). 
Like  Neurabin-I,  Spinophilin  has  a  PDZ  domain 
that  mediates  interaction  with  p70^^*^  (Allen  et  aL, 
1997;  Burnett  et  ai,  1998;  Satoh  et  al.,  1998).  Both 
isoforms  have  the  a,  b,  c  helices  implicated  in  coiled- 
coil  interactions  (see  Fig.  1)  that  have  been  proposed 
to  mediate  homodimer  or  heterodimer  formation 
(Burnett  et  ai.,  1998).  Bau  includes  the  b,c  helices 
so  it  may  competitively  regulate  Neurabin  interac¬ 
tions,  if  they  occur.  Similarly,  since  it  is  conceivable 
that  Binl  may  interact  with  Neurabin  isoforms, 
then  Binl  may  also  regulate  Neurabin  dimerization 


and  perhaps  function.  This  is  potentially  of  inter¬ 
est  in  neurons,  where  neuron-specific  splice  forms 
of  Binl  have  been  implicated  in  endocytosis  and 
synaptic  function  (David  et  al,  1996;  Ramjaun  and 
McPherson,  1998;  Wigge  et  ah,  1997a, b).  However, 
since  strong  Bau  interaction  required  the  presence 
of  the  U3  region  of  Binl,  which  is  only  alternately 
spliced  into  Binl  in  skeletal  muscle,  then  interac¬ 
tions  between  Binl  and  Bau  or  the  Neurabins  may 
only  be  important  in  muscle  or  as  yet  unidentified 
tissues  where  U3  is  expressed. 

A  link  between  Binl  and  the  Neurabin/p70^^*^ 
system  is  potentially  interesting  because  of  the 
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CD  BBD  (clone  100)  Bau 


FIGURE  6  Effect  of  Bau  on  tumor  cell  proliferation.  (A)  HcpG2  colony  formation  assay.  HcpG2  hepatoma  cells  were  trans¬ 
fected  with  the  CMV  vectors  indicated  as  described  (Sakamuro  et  al..  1996)  and  the  neomycin  resistance  cassette  on  each  vector 
was  selected  for  by  culturing  cells  in  G418.  Drug-resistant  colonies  were  scored  by  fixation  and  crystal  violet  staining  ~  3  week 
posttransfection.  Binl  was  included  as  a  positive  control  for  suppression.  The  results  arc  depicted  as  a  proportion  of  the  colonics 
generated  by  vector  only.  The  mean  and  standard  error  determined  from  three  trials  is  shown.  (B)  Representative  results.  A  set 
of  dishes  from  one  three  trials  is  shown. 


apparent  roles  of  Binl  in  contributing  to  the  deter¬ 
mination  of  different  cell  fates  following  cell  cycle 
exit.  For  example,  in  myoblasts  that  can  exit  the  cell 
cycle  appropriately  following  serum  deprival,  Binl 
contributes  to  this  process  and  promotes  differ¬ 
entiation  ( Wechsler-Reya  el  aL,  1998).  In  contrast, 
if  cells  cannot  exit  the  cell  cycle  due  to  the  enforced 
expression  of  c-Myc,  then  Binl  is  required  for 
abortive  apoptosis  elicited  by  serum  deprival 
(Sakamuro  et  aL,  1999).  Given  its  properties  as  an 
adaptor  that  could  participate  in  cell  fate  decisions, 
the  findings  of  this  report  raise  the  possibility  of 
some  role  for  the  Neurabins  in  cell  fate.  In  support 
of  this  likelihood,  it  was  recently  shown  that  the  rat 
homolog  of  the  C.  elegans  cell  fate  gene  product 
Lin-lO  associates  in  cells  with  Spinophilin/Neur- 
abin-II  (Ide  et  aL,  1998).  It  is  tempting  to  speculate 
how  Binl  may  coordinate  the  activities  of  nuclear 
growth  regulatory  proteins  such  as  c-Myc  and  Rb/ 
E2F  (one  of  the  main  targets  of  El  A  action),  with 
important  cytosolic  growth  regulatory  signals  con¬ 
trolled  by  p70^^^  and  the  cell-cell  attachment 


signaling  pathways  that  have  been  proposed  for 
the  Neurabins.  As  an  adaptor  protein  Binl  may 
provide  a  mechanism  to  link  and  coordinate  the 
activities  of  these  diverse  systems.  In  future  work, 
it  will  be  important  to  explore  the  potential  phy¬ 
siological  connections  between  Binl,  Bau,  and  the 
Neurabin/p70^^'^  system. 
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Binl  functionally  interacts  with  Myc  and  inhibits  cell  proliferation  via 
multiple  mechanisms 
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The  tumor  suppressor  Binl  was  identified  through  its 
interaction  with  the  N-terminal  region  of  Myc  which 
harbors  its  transcriptional  activation  domain.  Here  we 
show  that  Binl  and  Myc  physically  and  functionally 
associate  in  cells  and  that  Binl  inhibits  cell  proliferation 
through  both  Myc-dependent  and  Myc-independent 
mechanisms.  Binl  specifically  inhibited  transactivation 
by  Myc  as  assayed  from  artificial  promoters  or  from  the 
Myc  target  genes  ornithine  decarboxylase  (ODC)  and  a 
prothymosin  (pT).  Inhibition  of  ODC  but  not  pT 
required  the  presence  of  the  Myc  binding  domain 
(MBD)  of  Binl  suggesting  two  mechanisms  of  action. 
Consistent  with  this  possibility,  a  non-MBD  region  of 
Binl  was  sufficient  to  recruit  a  repression  function  to 
DNA  that  was  unrelated  to  histone  deacetylase.  Regions 
outside  the  MBD  required  for  growth  inhibition  were 
mapped  in  Ras  cotransformation  or  HepG2  hepatoma 
cell  growth  assays.  Binl  required  the  N-terminal  BAR 
domain  to  suppress  focus  formation  by  Myc  whereas  the 
C-terminal  U1  and  SH3  domains  were  required  to  inhibit 
adenovirus  El  A  or  mutant  p53,  respectively.  All  three 
domains  contributed  to  Binl  suppression  of  tumor  cell 
growth  but  BAR-C  was  most  crucial.  These  findings 
supported  functional  interaction  between  Myc  and  Binl 
in  cells  and  indicated  that  Binl  could  inhibit  malignant 
cell  growth  through  multiple  mechanisms. 

Keywords:  c-Myc;  transformation;  tumor  supressor; 
transcription 


Introduction 

Myc  is  a  central  regulator  of  cell  proliferation  and 
apoptosis  that  is  frequently  activated  in  human 
malignancy  (reviewed  in  Henriksson  and  Liischer, 
1996;  Prendergast,  1997;  Facchini  and  Penn,  1998).  In 
normal  cells  induced  to  divide,  the  levels  of  Myc 
increase  and  remain  elevated,  indicating  it  is  required 
throughout  the  cell  cycle  for  proliferation.  Deregulated 
Myc  expression  is  sufficient  to  drive  quiescent  cells  into 
S  phase  to  prevent  cell  cycle  exit.  Conversely, 
suppression  of  Myc  blocks  mitogenic  signals  and 
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facilitates  terminal  differentiation.  Myc  can  also 
induce  apoptosis,  a  feature  manifested  in  normal  cells 
when  its  expression  is  enforced  and  uncoupled  from  the 
orchestration  of  other  cell  cycle  regulatory  events.  Myc 
is  thought  to  act  in  the  guise  of  a  transcription  factor, 
but  the  exact  mechanisms  underlying  its  oncogenic  and 
apoptotic  properties  remain  obscure. 

We  previously  identified  a  cellular  polypeptide,  Binl, 
which  interacts  with  the  putative  transcriptional 
activation  domain  of  Myc  (Sakamuro  et  ai,  1996). 
The  interaction  depends  upon  the  integrity  of  the  so- 
called  Myc  boxes,  two  evolutionarily  conserved 
segments  which  are  necessary  for  both  cell  transforma¬ 
tion  and  apoptosis.  Although  its  adaptor  functions 
appear  to  be  complex,  several  observations  support  the 
hypothesis  that  Binl  is  a  tumor  suppressor  that 
controls  cell  cycle  transit  and  proliferation.  First, 
Binl  inhibits  cell  transformation  by  Myc  or  adeno¬ 
virus  El  A  (Sakamuro  et  ciL,  1996).  Second,  Binl  is 
related  to  RVS167,  a  negative  regulator  of  the  cell 
cycle  in  yeast  (Bauer  et  ai,  1993).  Third,  although 
widely  expressed  in  normal  cells,  Binl  is  poorly 
expressed  or  undetectable  in  -50%  of  carcinoma  cell 
lines  and  primary  breast  carcinomas  examined 
(Sakamuro  et  al.,  1996).  Fourth,  deficits  in  expression 
are  functionally  significant,  because  Binl  can  inhibit 
the  growth  of  tumor  cells  which  lack  endogenous 
expression  (Sakamuro  et  ai,  1996).  Fifth,  similar  to 
several  other  important  tumor  suppressors,  Binl 
promotes  differentiation  in  the  myogenic  pathway  and 
its  inhibition  suppresses  differentiation  (Wechsler-Reya 
et  ai,  1998).  Finally,  the  human  Binl  gene  has  been 
mapped  to  chromosome  2ql4  (Negorev  et  ai,  1996), 
within  a  mid-2q  region  that  is  deleted  in  —42%  of 
metastatic  prostate  cancers  (Cher  et  ai,  1996),  and 
recent  investigations  suggest  that  loss  of  Binl  function 
may  contribute  to  prostate  tumor  progression  (un¬ 
published  observations).  Evidence  from  genetic,  in  vitro 
biochemical  association,  and  co-localization  experi¬ 
ments  supports  interaction  between  Binl  and  Myc 
(Sakamuro  et  ai,  1996;  Wechsler-Reya  et  ai,  1997a) 
but  in  vivo  physical  association  and  functional 
interaction  had  not  been  documented.  In  addition, 
Binl  was  shown  to  inhibit  growth  by  adenovirus  El  A 
as  well  as  Myc,  but  whether  this  reflected  similar  or 
different  functions  was  undetermined.  In  this  study,  we 
show  that  Binl  physically  associates  with  Myc  in  cells 
and  inhibits  its  transcriptional  properties  and  that  Binl 
can  inhibit  malignant  cell  growth  through  Myc- 
independent  as  well  as  Myc-dependent  mechanisms. 
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These  findings  support  a  role  for  Binl  in  governing  the 
oncogenic  properties  of  Myc  but  indicate  that  Binl 
also  has  additional  roles  in  cell  growth  regulation. 


Results 

Physical  and  functional  association  of  Myc  and  Binl  in 
cells 

Coimmunoprecipitation  and  transcription  activation 
experiments  were  performed  to  examine  the  ability  of 
Myc  and  Binl  to  functionally  associate  in  cells. 
Association  of  Myc  and  Binl  was  observed  to 
coimmunoprecipitation  from  baculovirus-infected  Sf9 
cells  and  untransfected  C2C12  myoblasts,  where  Binl 
function  has  been  examined  (Wechsler-Reya  et  ai, 
1998),  using  NP40  buffer  conditions  previously  shown 
to  support  interaction  of  Myc  and  Binl  in  vitro 
(150  mM  NaCl  and  0.1%  NP40).  Binl  was  extracted 
more  readily  than  Myc  by  NP40  lysis  buffer  from  Sf9 
cells  infected  with  recombinant  c-Myc  and  Binl 
baculoviruses,  consistent  with  the  fact  that  efficient 
extraction  of  Myc  requires  harsher  conditions  (RIPA 
buffer  and  sonication  (Hann  et  al.,  1983).  However,  the 
Myc  complexes  extracted  under  these  conditions 
contained  Binl  as  indicated  by  coimmunoprecipitation 
with  Myc  antibody  (Figure  la).  Association  was 
specific  because  co-expression  of  the  negative  control 
proteins  RhoB  or  yeast  AD  A3  with  Binl  did  not  result 
in  Binl  precipitation  (data  not  shown).  Binl  antibodies 
capable  to  recognizing  native  Binl  protein  bind  to 
epitopes  in  the  Myc  binding  domain  (MBD)  (Wechsler- 
Reya  et  aL,  1997a)  so  the  reverse  immunoprecipitation 
experiment  was  intractable.  Experiments  using  epitope- 
tagged  Binl  species  were  inconclusive,  because  tags  at 
either  the  C-  or  N-terminus  of  Binl  were  not 
recognized  unless  denaturing  conditions  were  used 
(i.e.  RIPA  buffer)  that  did  not  preserve  Myc 
interaction  in  vitro  (Sakamuro  et  aL,  1996;  data  not 
shown).  However,  Myc-Binl  association  was  similarly 
observed  in  C2C12  cells.  Myc  and  Binl  are  each 
expressed  in  proliferating  C2C12  cells  with  Binl  in 
stochiometric  excess  (Wechsler-Reya  et  aL,  1998). 
When  C2C12  is  induced  to  differentiate  (Blau  et  aL, 
1985),  Binl  is  upregulated  while  Myc  is  downregulated 
to  undetectable  levels  (Wechsler-Reya  et  aL,  1998), 
providing  a  useful  negative  control  for  association.  As 
before,  Myc  was  extracted  inefficiently  by  NP40  buffer 
but  Binl  was  detected  in  Myc  complexes  that  were 
immunoprecipitated  by  Myc  antibody  (Figure  lb).  The 
presence  of  Binl  in  these  complexes  was  not  due  to 
antibody  artifact  or  another  nonspecific  cause,  because 
Binl  was  not  detected  in  similar  immunoprecipitates 
prepared  from  differentiated  cell  extracts. 

To  determine  whether  Binl  association  affected  the 
transcriptional  properties  of  Myc,  transient  activation 
assays  were  performed  using  a  variety  of  promoters 
documented  to  be  physiologically  activated  by  c-Myc. 
The  experiments  employed  luciferase  (luc)  reporter 
genes  driven  by  artificial  Myc-responsive  promoters 
containing  either  multimerized  DNA  binding  sites 
upstream  of  a  minimal  viral  promoter  or  by  the  5' 
regions  of  the  Myc  target  genes  ornithine  decarbox¬ 
ylase  (ODC)  and  a-prothymosin  (pT)  (Bello-Fernandez 
et  aL,  1993;  Eilers  et  aL,  1991).  The  two  artificial 
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reporter  genes  were  p3XMycElb-luc  (Gupta  et  aL, 
1993)  and  Gab-El b-luc,  which  included  either  three 
Myc-binding  sites  or  five  yeast  GAL4  binding  sites 
upstream  of  the  adenovirus  Elb  minimal  promoter. 
The  latter  reporter  was  used  where  activation  was 
driven  by  chimeric  molecules  containing  Binl  or  the 
Myc  N-terminal  transactivation  domain  (aa  1-262) 
fused  to  the  DNA  binding  domain  of  the  yeast 
transcription  factor  GAL4  (Kato  et  aL,  1990).  The 
ODC  and  target  gene  reporters  were  ODCAluc  and 
PrT-luc  (Bello-Fernandez  et  aL,  1993;  Desbarats  et  aL, 
1996;  Packham  and  Cleveland,  1997).  Cells  were 
transfected  with  reporter  plasmids  and  vectors  for  c- 
Myc  or  GAL4-Myc,  Binl,  or  the  MBD  deletion 
mutant  BinlAMBD  (Sakamuro  et  aL,  1996).  Max 
was  included  in  pT  experiments  for  optimal  activation 
of  this  gene  as  documented  (Desbarats  et  aL,  1996). 
Western  or  Northern  analyses  confirmed  exogenous 
gene  expression  in  transiently  transfected  cells  (data 
not  shown).  ODC  activation  experiments  included  as  a 
positive  control  for  N-terminal  interaction  and 
inhibition  of  Myc  activation  the  retinoblastoma  (Rb)- 
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Figure  1  Biochemical  association  of  Binl  and  Myc  in  cells,  (a) 
Association  in  Sf9  cells.  Extracts  from  2  x  10^  cells  infected  with 
the  recombinant  baculoviruses  indicated  were  prepared  and 
subjected  to  IP/Western  analysis  as  described  in  the  text  and 
the  Materials  and  methods.  Dots  indicate  the  position  of 
coprecipitating  antibodies  recognized  by  anti-mouse  or  anti¬ 
rabbit  secondary  antibodies  used  to  develop  the  blots,  by  a 
chemiluminescence  technique,  (b)  Association  in  naive  C2C12 
myoblasts.  Extracts  from  growing  (dO)  or  differentiated  (d5) 
C2C12  cells  were  prepared  and  subjected  to  Western  or  IP/ 
Western  analyses  as  described  in  the  text  and  the  Materials  and 
methods.  The  left  panel  is  a  Western  blot  of  an  SDS  gel  loaded 
with  50  fig  extract  from  dO  or  d5  cells,  demonstrating  constitutive 
Binl  expression  and  the  appearance  of  a  larger  alternately  spliced 
species  in  differentiated  cells  (Wechsler-Reya  et  al.,  1998). The  dot 
indicates  a  nonspecific  band.  The  middle  panel  is  a  Western  blot 
of  nonreducing  SDS  gel  loaded  with  a  Myc  immunoprecipitate 
(sc-42)  generated  from  1.5  mg  of  dO  or  d5  extracts  and  probed 
with  a  second  anti-Myc  antibody  (9E10).  The  right  panel  is  a 
Western  blot  of  a  nonreducing  SDS  gel  loaded  with  50  fig  of  dO 
extract  alone  or  a  Myc  immunoprecipitate  (sc-42)  from  1.5  mg  dO 
or  d5  extracts  and  probed  with  anti-Binl  99D 
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related  protein  pi 07  (Bcijersbcrgcn  et  al.,  1994;  Gu  et 
al.,  1994). 

Binl  selectively  inhibited  Myc  activation  on  all  the 
Myc  reporter  promoters  tested  (Figure  2).  In  NIH3T3 
cells,  Myc  activated  p3XMycElb-luc  ~2.5-foId,  similar 
to  the  level  observed  by  others  (Kretzner  et  al.,  1992), 
and  titration  of  Binl  into  the  assay  reversed  the  effect 
of  Myc  (Figure  2a).  Similarly,  Myc  activated  the  ODC 
promoter  ~  2.3-fold,  also  as  documented  previously 
(Packham  and  Cleveland,  1997),  and  Binl  reversed  this 
effect  as  potently  as  pi 07  (Figure  2b).  Deletion  of  the 
Myc-binding  domain  (MBD)  from  Binl  relieved  its 
ability  to  inhibit  ODC  in  both  HeLa  and  NIH3T3  cells 
(Figure  2c).  The  inability  of  BinlAMBD  to  suppress 
Myc  was  not  due  to  polypeptide  instability  nor  to 
general  loss  of  function,  because  BinlAMBD  accumu¬ 
lated  similarly  to  wild-type  Binl  in  transfected  COS 
cells  and  because  BinlAMBD  could  inhibit  El  A 


transformation  (sec  below).  A  more  robust  activation 
of  pT  by  Myc-Max  was  also  inhibited  by  Binl  ~ 3-fold 
(Figure  2d).  BinlAMBD  also  inhibited  Myc  activation 
of  pT  indicating  the  effect  on  this  gene  was  MBD- 
independent.  However,  inhibition  was  specific  because 
Binl  did  not  affect  activation  by  VP  1 6.  Western 
analysis  confirmed  Myc  and  Max  accumulation  in 
transiently  transfected  cells,  ruling  out  the  trivial 
possibility  that  Binl  acted  by  inhibiting  the  exogenous 
Myc  or  Max  expression  (data  not  shown).  The 
specificity  of  the  effect  of  Binl  for  the  Myc  N- 
terminiis  was  investigated  using  GAL4-Myc  or  a 
second  GAL4  chimera  which  included  instead  the 
activation  domain  from  the  nonspecific  but  broadly 
active  herpes  virus  activator  VP  16  (GAL4-VP16).  For 
these  experiments,  we  examined  activation  of  a  pT 
reporter  (GAL4mE-prT-luc)  that  was  identical  to  the 
prT-luc  reporter  used  above  except  that  the  two  Myc 


Figure  2  Bin)  specifically  inhibits  gene  activation  by  Myc.  (a)  Inhibition  of  a  Myc-responsive  artificial  promoter.  NIH3T3  cells 
were  transfected  with  the  plasmids  indicated  by  standard  calcium  phosphate  method  and  processed  for  normalized  luciferasc  activity 
as  described  (Zhang  and  Prochownik.  1997).  The  data  represent  the  results  of  three  trials  each  performed  in  duplicate,  (b)  Inhibition 
of  ODC  activation.  NIH3T3  cells  seeded  into  six  well  dishes  were  transfected  with  1.5  //g  of  the  ODC  reporter  ODCAluc.  3  /ig  of 
the  human  c-Myc  vector  LTR  Hm.  1.5 /ig  CMV  Binl  or  CMV  pl07.  and  0.5 /ig  CMV-/^gal  (to  normalize  for  transfection 
efficiency).  pcDNA3  was  added  to  equalize  the  amount  of  plasmid  in  each  transfection.  Two  days  later  cell  extracts  were  prepared 
and  processed  for  normalized  reporter  activity.  The  graph  depicts  relative  luciferase  activity  based  on  reporter  only  (set  at  100%); 
the  absolute  values  ranged  from  10^- lO'^  light  units.  The  results  represent  the  average  of  two  trials  each  performed  in  duplicate,  (c) 
MBD  is  required  for  ODC  inhibition.  NIH3T3  or  HcLa  cells  were  transfected  with  0.5  //g  ODCAluc  and  2  /jg  LTR-Hm  plus 
3.25  /tg  vector,  CMV-Binl,  or  CMV-Binl AMBD.  Cell  extracts  were  prepared  and  processed  as  above.  The  results  represent  the 
average  of  two  trials  performed  in  duplicate.  Relative  luciferase  activity  is  depicted  as  the  proportion  of  reporter  plus  LTR  Hm;  the 
absolute  values  ranged  from  10'^- 10^  light  units,  (d)  Inhibition  of  pT  activation.  HcLa  cells  were  transfected  with  PrT4uc,  a  (i- 
galactosidase  normalization  plasmid,  and  the  vectors  indicated  as  described  (Dcsbarats  et  at.,  1996).  Where  indicated  Binl  or 
control  plasmids  were  included  in  a  1:1  w/w  ratio  with  Myc.  Relative  luciferase  activity  is  depicted  as  above;  the  absolute  values 
ranged  from  10“^- 10^’  light  units,  (c)  Binl  inhibits  GAL4-Myc  but  not  GAL-VP16.  HeLa  cells  were  transfected  with  GAL4mE-PrT- 
luc  and  the  genes  indicated  as  above  and  processed  for  relative  luciferase  activity 
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binding  sites  in  the  gene  were  replaced  with  GAL4 
binding  sites  (Desbarats  et  aL,  1996).  Binl  inhibited 
activation  of  pT  by  GAL-Myc  but  not  by  GAL4-VP16 
(Figure  2e).  Similar  results  were  obtained  with  GAL4- 
Elb-luc  (data  not  shown).  Taken  together,  the  results 
of  the  immunoprecipitation  and  transcription  experi¬ 
ments  argued  that  Binl  physically  and  functionally 
interacted  with  Myc  in  cells. 

Binl  can  recruit  a  transcriptional  repression  function  to 
DNA 

Binl  does  not  harbor  motifs  characteristic  of  transcrip¬ 
tion  adaptor  proteins,  so  one  interpretation  of  the  above 
results  was  that  Binl  acted  via  a  passive  mechanism,  for 
example,  by  occluding  contacts  with  as  yet  unidentified 
coactivators  or  with  the  TATA-binding  protein  (TBP), 
which  has  been  reported  to  interact  with  Myc  (Hateboer 
et  al,  1993).  Alternately,  Binl  may  act  through  an 
active  repressive  mechanism,  perhaps  by  recruiting  a 
corepressor  to  the  promoter  similar  to  the  Mad-binding 
protein  mSin3  (Ayer  et  al,  1995;  Schreiber-Agus  et  al, 
1995).  To  assess  the  latter  hypothesis,  we  tested  the 
effects  of  Binl  on  basal  transcription  of  a  promoter  to 
which  it  was  tethered  in  a  Myc-independent  manner. 
This  was  achieved  by  fusing  Binl  in  frame  to  the  DNA 
binding  domain  of  GAL4  to  generate  GAL4-Binl.  A 
second  GAL4  chimera  that  lacked  the  MBD  was 
constructed  (GAL4-BinlAMBD)  to  eliminate  MBD- 
dependent  interactions  with  Myc,  Myc-binding  coacti¬ 
vators  yet  to  be  identified,  or  possibly  TBP  (Hateboer  et 
al,  1993),  all  of  which  might  mask  repressive  effects  or 
make  their  interpretation  more  difficult.  HeLa  cells  were 
transfected  with  the  artificial  promoter-reporter  gene 
GALs-Elb-luc  and  equivalent  amounts  of  expression 
vectors  for  unfused  GAL4  DNA  binding  domain 
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(GALO),  GAL4-Binl,  or  GAL4-BinlAMBD  and  cell 
lysates  were  processed  for  luciferase  activity  as  before. 
GAL4-Binl  was  only  slightly  inhibitory  but  GAL4- 
BinlAMBD  repressed  basal  transcription  ~  2. 5-fold 
relative  to  unfused  GALO  (Figure  3a).  GAL4- 
BinlAMBD  had  little  effect  on  the  activity  of  luciferase 
reporters  lacking  GAL4  sites  (data  not  shown), 
indicating  that  this  effect  was  dependent  on  DNA 
binding.  To  determine  if  repression  reflected  recruitment 
of  a  Binl -binding  factor,  we  added  vector,  wild-type 
(untethered)  Binl,  or  Binl  AM  BD  to  the  cotransfection. 

If  the  activity  was  intrinsic,  co transfection  of  Binl 
would  not  affect  repression,  whereas  if  repression  was 
due  to  recruitment  of  a  trans-2iC\mg  factor  then 
untethered  Binl  would  be  predicted  to  titer  the 
repressive  effect.  Consistent  with  the  latter  case,  both 
Binl  and  Binl  AM  BD  relieved  repression  by  GAL4- 
BinlAMBD  (Figure  3b).  The  greater  relief  provided  in 
BinlABD  suggested  that  a  region  outside  of  the  MBD 
might  recruit  a  repression  function.  Experiments  in 
which  trichostatin  A  was  added  did  not  relieve  the 
repressive  effect  of  GAL4-BinlAMBD  suggested  that  a 
region  outside  of  the  MBD  might  recruit  a  repression 
function.  Experiments  in  which  trichostatin  A  was 
added  did  not  relieve  the  repressive  effect  of  GAL4- 
BinlAMBD  (data  not  shown),  suggesting  that  this 
function  was  not  a  histone  deacetylase  and  that  Binl 
acts  differently  than  mSin3  (Facchini  and  Penn,  1998). 
Nevertheless,  the  results  suggested  that  Binl  may 
actively  inhibit  Myc  activation  by  recruiting  a  repres¬ 
sion  function. 

Expression  and  localization  of  Binl  deletion  mutants 

To  identify  non-MBD  regions  that  are  important  for 
Binl  activity  a  set  of  deletion  mutants  was  constructed 
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Figure  3  Binl  recruits  a  repression  function  when  tethered  to  a  promoter,  (a)  Intrinsic  repressive  quality  of  Binl.  HeLa  cells  were 
transfected  with  2  GAL4-SV40-luc  reporter  and  4  /ig  of  the  indicated  GAL4  chimeric  gene  and  normalized  luciferase  activity  was 
determined  2  days  later.  The  data  represent  the  results  of  at  least  four  trials  each  performed  in  duplicate,  (b)  The  repressive  activity 
of  BIN  can  be  titered.  Cells  were  transfected  with  2  }xg  GAL4-SV40-luc  reporter,  4  /zg  of  GAL4-BinlAMBD,  4  /rg  CMV  vector, 
Binl,  or  BinlAMBD  plasmids  and  normalized  luciferase  activity  was  determined  2  days  later.  The  data  represent  the  results  of  four 
trials  each  performed  in  duplicate 
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(Figure  4).  BAR-C  and  SH3  encompass  regions  of  amphiphysin  and  to  the  yeast  cell  cycle  regulator 
Binl  that  are  related  to  the  neuron-specific  protein  RVS167  (the  BAR  nomenclature  reflects  the  Binl/ 
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Figure  4  Structure,  expression,  and  localization  of  Binl  deletion  mutants,  (a)  Expression  of  Binl  mutants.  COS  cells  were 
transfected  with  the  expression  vectors  indicated,  metabolically  labeled  with  "^^*S-methioninc/cysteinc,  and  cell  extracts  were  prepared 
and  subjected  to  immunoprccipitation  with  Binl  monoclonal  antibodies.  Immunoprccipitatcs  were  examined  by  SOS -PAGE  and 
fluorography.  The  bars  at  the  bottom  of  the  cartoon  denote  regions  that  arc  structurally  related  among  proteins  of  the  BAR  family, 
which  includes  Binl,  amphiphysin,  and  RVS167  (Sakamiiro  et  al.,  1996).  (b)  Localization  of  Binl  mutants.  293T  cells  seeded  on 
glass  cover  slips  were  transiently  transfected  with  the  expression  vectors  and  processed  for  indirect  immunofluorescence  with  Binl 
monoclonal  antibody  99D  as  described  in  the  Materials  and  methods 
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amphiphysin/RVS167  homology  in  this  region;  BAR-C 
represents  the  C-terminal  half  of  the  BAR  domain 
(Figure  4a).  The  SH3  domain  located  at  the  C- 
terminus  is  dispensable  for  interaction  with  Myc 
(Sakamuro  et  al,  1996).  The  central  region  is  not 
conserved  in  amphiphysin  or  RVS167  and  is  unique  to 
Binl.  This  region  includes  the  so-called  unique- 1  (Ul) 
region  encoded  in  the  human  gene  by  exon  9;  the 
alternately  spliced  and  strongly  positively  charged 
unique-3  (U3)  region  encoded  by  exon  10;  the 
unique-2  (U2)  region  encoded  by  exon  1 1  which 
harbors  two  copies  of  the  SH3  binding  motif  PXXP; 
and  the  MBD  (Wechsler-Reya  et  al,  1997b).  The  MBD 
as  initially  defined  encompassed  aa  270-389.  Deletions 
of  three  subsections  of  this  segment  were  generated  for 
this  study,  aa  270-288,  aa  270-315  (comprising  the 
newly  defined  U2  region)  and  aa  323-356  (N-terminal 
half  of  the  MBD).  Expression  of  the  mutant 
polypeptides  was  confirmed  by  immunoprecipitation 
from  COS  cell  extracts.  Cells  were  transfected  with 
vectors  for  each  mutant,  metabolically  labeled  with 
35S-methionine,  and  extracts  were  prepared  and 
processed  for  immunoprecipitation  with  a  mixture  of 
Binl  monoclonal  antibodies  (Wechsler-Reya  et  ai, 
1997a).  The  apparent  and  predicted  MWs  of  the 
mutants  did  not  coincide  in  each  case  because  of  the 
presence  of  a  determinant  for  aberrant  gel  mobility 
that  maps  to  the  MBD  region  (Sakamuro  et  ai,  1996). 
Each  mutant  was  observed  to  accumulate  as  efficiently 
as  full-length  Binl  (Figure  4a).  The  cell  localization  of 
several  mutants  was  examined  by  indirect  immuno¬ 
fluorescence  in  transiently  transfected  293T  cells 
(Figure  4b).  The  presence  of  an  SV40  replication 
origin  on  the  expression  vectors  made  it  possible  to 
distinguish  cells  expressing  exogenous  proteins  by  using 
a  higher  dilution  of  Binl  monoclonal  antibody  than 
needed  to  detect  endogenous  expression  (1:100  instead 
of  1:5  dilution).  Consistent  with  previous  results 
(Sakamuro  et  aL,  1996;  Wechsler-Reya  et  aL,  1997a), 
wild-type  Binl  localized  exclusively  to  the  nucleus,  as 
did  Binl  mutants  lacking  the  Ul,  U2,  U3  and  SH3 
regions  (BinlAUl  was  also  preferentially  excluded 
from  the  nucleolus).  U3  contains  a  nuclear  localization 
motif  but  its  dispensability  for  nuclear  localization  was 
consistent  with  recent  findings  in  which  alternate 
splicing  of  the  exon  encoding  U3  after  myoblast 
differentiation  is  correlated  with  the  appearance  of 
cytosolic  Binl  species  (Wechsler-Reya  et  aL,  1998; 
Wechsler-Reya  et  aL,  1997b).  Instead,  BAR-C  con¬ 
tained  a  critical  nuclear  localization  signal,  because 
both  nuclear  and  cytosolic  staining  was  detected  in 
cells  transfected  with  BinlABAR-C.  We  concluded  that 
BAR-C  sequences  between  aa  125-207  included 
signal(s)  for  nuclear  localization  and/or  retention. 

Binl  inhibits  malignant  cell  transformation  by  multiple 
mechanisms 

Using  the  Ras  cooperation  assay  performed  in  primary 
rat  embryo  fibroblasts  (REFs)  (Land  et  aL,  1983; 
Ruley,  1983),  we  previously  showed  that  Binl  inhibits 
malignant  transformation  by  c-Myc  in  a  MBD- 
dependent  manner  (Sakamuro  et  aL,  1996).  To  define 
other  regions  required,  REFs  were  transfected  with 
expression  vectors  for  Myc,  oncogenic  Ras,  and  Binl 
or  Binl  deletion  mutants,  and  transformed  cell  foci 
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were  scored  2  weeks  later  (Figure  5).  Consistent  with 
previous  results  (Sakamuro  et  aL,  1996),  wild-type  Binl 
suppressed  focus  formation  by  Myc  '^sixfold  relative 
to  the  empty  vector  control.  Most  deletion  mutants 
inhibited  focus  formation  as  efficiently  as  wild-type 
Binl,  suggesting  modularity  in  the  structural  organiza¬ 
tion  of  this  polypeptide.  Only  BAR-C  or  the  MBD 
segment  aa  323-356  were  required,  identifying  BAR-C 
determinants  as  crucial  to  inhibit  Myc  transformation 
along  with  the  MBD.  Since  aa  270-315  (U2  region) 
was  dispensable  for  inhibiting  Myc  transformation  the 
critical  part  of  the  MBD  therefore  was  confined  to  a  66 
residue  segment  between  aa  323-389.  The  inactivity  of 
the  MBD  aa  323-356  or  BAR-C  deletion  mutants  was 
not  due  to  protein  instability,  because  each  polypeptide 
accumulated  similar  to  wt  Binl  in  COS  cells  (Figure 
4a),  nor  to  misfolding,  because  each  polypeptide 
efficiently  suppressed  transformation  by  El  A  or 
mutant  p53.  BinlABAR-C  localized  to  the  nucleus 
and  cytoplasm  (Figure  4b)  but  its  ability  to  suppress 
ElA  and  mutant  p53,  which  act  in  the  nucleus,  also 
argued  against  mislocalization  as  the  cause  for  loss  of 
activity  against  Myc.  We  previously  showed  that  Binl 
inhibited  transformation  by  adenovirus  ElA  but  not 
SV40  large  T  antigen  (Sakamuro  et  aL,  1996),  and  in 
this  study  we  show  that  Binl  also  inhibited  transforma¬ 
tion  by  dominant  inhibitory  mutant  p53.  Binl 
suppressed  transformation  by  ElA  or  mutant  p53 
~  threefold  (Figure  6);  the  inhibitory  effects  of  each 
could  be  titered  as  was  the  case  with  Myc  (Sakamuro 
et  aL,  1996)  by  altering  the  ratio  of  Binl  to  ElA  or 
mutant  p53  in  the  assay  (data  not  shown).  Ul  was 
crucial  to  inhibit  ElA  and  Ul  and  SH3  were  both 
crucial  to  inhibit  mutant  p53  (Figure  6).  U3,  BAR-C, 
and  MBD  were  each  dispensable  to  inhibit  either 
oncoprotein.  As  before,  neither  protein  instability  nor 
misfolding  was  responsible  for  the  loss  of  activity  of 
either  mutant  since  each  accumulated  in  COS  and  each 
could  suppress  Myc  transformation  (Figures  4a  and  5). 


Figure  5  BAR-C  is  required  to  inhibit  Myc  transformation. 
REFs  were  transfected  with  5  each  oncogenic  Ras  and 
deregulated  human  c-Myc  plasmids  plus  10  /ig  each  of  the 
vectors  indicated.  Transformed  cell  foci  were  scored  12-14  days 
later.  The  data  depict  the  percentage  of  Myc  +  Ras  foci  formed  in 
the  presence  of  empty  vector 
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Northern  analyses  of  RNA  isolated  from  pools  of  foci 
derived  from  Myc  +  Ras,  ElA  +  Ras,  or  mutant 
p53  +  Ras  transfections  showed  that,  as  predicted, 
mutant  Binl  messages  accumulated  in  transformed 
cells  if  the  mutant  was  biologically  inactive.  For 
example,  BinlABAR-C  message  only  accumulated  in 
Myc  +  Ras  foci  whereas  BinlAUl  message  only 
accumulated  in  ElA  +  Ras  or  mutant  p53  +  Ras  foci 


Figure  6  U1  is  required  to  inhibit  El  A  transformation  and  U1 
and  SH3  are  each  required  to  suppress  mutant  p53  transforma¬ 
tion.  REFs  were  transfected  with  5  //g  each  oncogenic  Ras  and 
adenovirus  El  A  or  dominant  inhibitory  p53  mutant  plasmids  plus 
10  /(g  each  of  the  vectors  indicated.  Transformed  cell  foci  were 
scored  12-16  days  later.  The  data  depict  the  pcrcentaac  of 
ElA  +  Ras  or  mutant  p53  +  Ras  foci  formed  in  the  presence  of 
empty  vector 


Vector 


BIN1  BIN1ABAR-C 


Figure  7  BAR-C  is  crucial  to  suppress  tumor  cell  growth. 
HepG2  cells  were  transfected  with  2  ftg  of  neomycin  (nco'')- 
rcsistance  gene  marked  vectors.  G4I8-rcsistant  cell  colonics  were 
scored  ~3  weeks  later  by  methanol  fixation  and  cystal  violet 
staining.  A  representative  assay  is  shown  from  multiple 
experiments  performed  in  triplicate 


(data  not  shown).  Thus,  the  domains  required  to 
inhibit  ElA  and  mutant  p53  were  distinct  from  those 
required  to  block  Myc.  The  importance  of  the  BAR-C 
domain  to  the  inhibitory  activity  of  Binl  was 
confirmed  in  HepG2  cells  (Figure  7).  Deletion  of 
other  domains  only  partly  relieved  HepG2  growth 
consistent  with  the  likelihood  that  multiple  growth 
mechanisms  were  deregulated  in  these  tumor  cells  (data 
not  shown).  Notably,  MBD  deletion  also  only  slightly 
relieved  suppression,  underscoring  the  importance  of 
MBD-independent  mechanisms  for  some  types  of 
growth  inhibition  by  Binl.  Since  neither  ElA  nor 
mutant  p53  require  endogenous  Myc  to  transform 
cells,  the  differences  in  domain  dependence  argued  that 
Binl  could  regulate  malignant  cell  proliferation 
through  Myc-independent  as  well  as  Myc-dependent 
mechanisms. 


Discussion 

This  study  supports  the  assertion  that  Myc  and  Binl 
physically  and  functionally  associate  in  cells,  and  it 
showed  that  Binl  can  inhibit  malignant  cell  prolifera¬ 
tion  by  both  Myc-dependent  and  Myc-independent 
mechanisms  (Figure  8).  Myc-Binl  complexes  were 
detected  by  coimmunoprecipitation  from  recombinant 
baculovirus-infected  Sf^  cells  or  from  naive  C2C12 
cells.  The  fact  that  Myc-Binl  complexes  could  be 
identified  in  growing  C2C12  cells  suggested  that 
association  is  not  inhibitory  per  se  but  may  be 
subjected  to  posttranslational  regulation.  This  possibi¬ 
lity  would  be  consistent  with  demonstrations  that  Binl 
is  phosphorylated  and  associated  in  vivo  with  other 
proteins  in  addition  to  Myc  (Wechslcr-Rcya  ef  ai, 
1997a).  The  ability  of  Binl  to  specifically  inhibit  Myc 
function  as  measured  by  activation  of  artificial  and 
natural  target  genes  supported  in  vivo  association. 
Activation  by  Myc/Max  or  by  GAL4-Myc  chimeras 
containing  the  Myc  transactivation  domain,  but  not  by 
GAL4-VP16,  was  susceptible  to  Binl  inhibition.  VP  16 
is  a  complex  activator  that  can  act  through  a  variety  of 
adaptors,  so  the  fact  that  VP  16  was  not  inhibited  by 
Binl  indicated  that  its  activity  was  specific  and  not  due 
to  nonsclective  suppression  of  transcriptional  activa¬ 
tion.  ODC  and  pT  are  two  paradigm  target  genes  for 
Myc  and  the  ability  of  Binl  to  inhibit  each  supported 
the  notion  of  functional  interaction.  Whether  Binl  has 
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Figure  8  Summary  of  Binl  functions.  Myc  interaction  data  is  from  Sakamiiro  ct  a/.  (1996) 
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a  physiological  role  in  transcription  bears  further 
analysis.  However,  in  support  of  this  possibility  we 
showed  that  Binl  could  recruit  a  potential  repression 
function  to  DNA  via  an  MBD-independent  interaction. 
In  addition,  Myc  has  been  reported  to  interact  in  vitro 
with  TATA-binding  protein  (Hateboer  et  ai,  1993)  and 
we  have  observed  that  the  Binl  MBD  can  avidly  bind 
TBP  in  vitro  (D  Sakamuro  and  GC  Prendergast, 
unpublished  observations).  Although  the  consequences 
of  Myc-TBP  interaction  have  not  been  established  in 
vivo  the  ability  of  Binl  to  bind  TBP  conceivably 
represents  a  second  mechanism  through  which  Binl 
could  disrupt  Myc  activation.  As  considered  above,  it 
is  possible  that  the  inhibitory  effects  of  Binl  on  Myc 
activation  are  passive  and  an  epiphenomenon  of  steric 
occulusion  of  coactivators  which  are  yet  to  be 
identified.  Recent  results  indicated  that  Binl  is 
necessary  for  Myc-mediated  apoptosis  (D  Sakamuro, 

J  Duhadaway  and  GC  Prendergast,  unpublished 
observations)  would  provide  a  biological  foundation 
to  assess  the  physiological  significance  of  the  putative 
transcriptional  properties  of  Binl  documented  in  this 
study. 

The  N-terminal  BAR-C  region  of  Binl  was  required 
to  inhibit  Myc  transformation.  BAR-C  is  a  charged 
region  of  84  aa  predicted  to  be  both  a  helical  and 
involved  in  coiled-coil  interactions  (Lupas,  1996).  A 
key  functional  role  for  this  region  is  supported  by  the 
fact  that  it  contains  the  most  highly  conserved 
sequences  in  Binl  in  evolution.  Given  the  requirement 
for  MBD  and  BAR-C  to  suppress  Myc  transformation 
one  might  have  expected  both  regions  to  be  important 
for  the  inhibitory  effects  of  Binl  in  HepG2,  which 
overexpresses  Myc.  However,  if  Myc-independent 
growth  pathways  deregulated  in  HepG2  are  dominant 
or  co-dominant  with  Myc-dependent  pathways  then 
this  would  not  be  expected  to  be  the  case.  BAR-C 
included  a  signal(s)  for  nuclear  localization  or 
retention,  while  NLS-like  sequences  in  U3  (Sakamuro 
et  al,  1996)  have  been  shown  here  and  elsewhere 
(Wechsler-Reya  et  aL,  1998)  to  be  dispensable.  The 
results  of  this  study  mapped  the  MBD  within  a  61 
residue  segment  between  aa  315-376  immediately 
upstream  of  the  SH3  domain.  Interestingly,  this  region 
of  Binl  is  encoded  by  two  exons  and  the  more  5'  exon 
has  been  found  to  be  alternately  spliced  in  cells 
(Wechsler-Reya  et  aL,  1997b).  The  aa  323-356 
deletion  which  relieved  Myc  suppression  activity 
closely  overlaps  the  sequences  encoded  by  this  exon. 
Thus,  one  alternately  spliced  Binl  species  in  cells 
probably  lacks  Myc  binding  capacity  and  functions 
independently  of  Myc,  a  likelihood  that  is  consistent 
with  Myc-independent  growth  inhibitory  properties  of 
Binl  identified  in  this  study.  Alternative  splice  forms  of 
Binl  that  are  neuron-specific,  termed  amphiphy sin-like 
isoform  or  amphiphysin  II,  have  been  implicated  in 
endocytosis  (Wigge  and  McMahon,  1998).  However, 
we  do  not  believe  endocytosis  is  relevant  to  the  Myc- 
independent  growth  inhibition  mechanisms  identified 
here,  because  non-neuronal  splice  forms  lack  determi¬ 
nants  required  for  interaction  with  endocytosis  systems 
(Ramjaun  and  McPherson,  1998)  and  because  the 
inclusion  of  neuron-specific  exons  in  Binl  eliminates  its 
growth  inhibitory  activity  (unpublished  observations). 

The  C-terminal  U1  and  SH3  regions  were  required 
to  inhibit  transformation  by  El  A  or  p53  but  not  by 
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Myc.  U1  is  contained  on  a  single  exon  which  encodes 
28  aa  (Wechsler-Reya  et  aL,  1997b).  El  A  transforms 
cells  by  displacing  E2F  from  Rb  (Dyson  and  Harlow, 

1992)  so  U1  either  impedes  this  process  somehow  or 
acts  downstream  to  interfere  with  E2F  effectors. 
Consistent  with  a  link  between  U1  and  the  Rb/E2F 
system,  U1  deletion  also  blocks  transformation  by  the 
human  papilloma  virus  E7  protein  (data  not  shown), 
which  acts  similarly  to  El  A  by  interfering  with  Rb/ 

E2F  interaction  (Phelps  et  aL,  1988).  The  requirement 
of  U1  to  inhibit  mutant  p53  is  consistent  with  evidence 
that  cell  transformation  by  mutant  p53  also  depends 
on  interference  with  Rb/E2F  interactions  (Hansen  et 
aL,  1995).  The  SH3  domain  of  Binl  was  also  necessary 
to  inhibit  transformation  by  mutant  p53.  To  our 
knowledge  Binl  and  Abl  are  the  only  two  SH3- 
containing  proteins  localized  to  the  nucleus,  and 
recently  Abl  has  been  shown  to  interact  with  Binl  in 
an  SH3-dependent  manner  (Kadlec  and  Pendergast, 

1997;  D  Sakamuro  and  GC  Prendergast,  unpublished 
observations).  This  may  be  of  consequence  since  Abl 
and  p53  have  been  reported  to  interact  in  cells  (Yuan 
et  aL,  1996),  although  the  physiological  significance  of 
this  interaction  has  not  been  established  clearly.  Direct 
interaction  between  the  Binl  SH3  and  the  PxxP  motifs 
in  the  apoptosis  effector  domain  of  p53  (Sakamuro  et 
aL,  1997)  could  be  germane  since  PxxP  motifs 
constitute  SH3  ligands.  Indeed,  since  this  region  also 
has  been  implicated  in  growth  inhibition  (Walker  and 
Levine,  1996)  and  the  transforming  efficiency  of  mutant 
p53  rests  upon  more  than  simple  inactivation  of 
endogenous  p53  (Dittmer  et  aL,  1993;  Hulboy  and 
Lozano,  1994),  it  is  conceivable  that  mutant  p53  may 
promote  transformation  in  a  PxxP-dependent  manner 
by  sequestering  a  nuclear  SH3-containing  growth 
suppressor  such  as  Binl. 


Materials  and  methods 

Plasmid  constructions 

The  following  plasmids  have  been  described.  CMV-Binl  and 
CMY-BinlAMBD  encode  full-length  Binl  or  an  MBD 
deletion  mutant,  respectively  (Sakamuro  et  aL,  1996).  LTR 
Hm  contains  a  Moloney  retroviral  long  terminal  repeat- 
driven  normal  human  c-myc  gene  (Kelekar  and  Cole,  1986); 
pSVLneo-C-myc  is  an  SV40  early  region-driven  c-Myc  vector 
used  in  Figure  2a  that  has  been  described  (Zhang  and 
Prochownik,  1997);  pi  A/neo  contains  the  5'  end  of  the 
adenovirus  type  5  genome  including  the  El  A  region 
(Maruyama  et  aL,  1987);  LTR  p53ts  encodes  a  tempera¬ 
ture-sensitive  dominant  inhibitory  mutant  of  murine  p53 
(Michalovitz  et  aL,  1990);  and  pT22  contains  an  activated  H- 
ras  gene  (Land  et  aL,  1983).  CMV-pl07  contains  a  full-length 
human  pl07  cDNA  (Zhu  et  aL,  1993)  in  the  cytomegalovirus 
enhancer/promoter-containing  vector  pcDNA3  (Invitrogen). 
P3XMyc-Elb-luc  is  an  artificial  reporter  gene  containing 
multimerized  CACGTG  Myc  E  box  sequences  upstream  of 
the  minimal  adenovirus  Elb  promoter  (Gupta  et  aL,  1993). 
GAL4-Elb-luc  and  GAL4-SV40-luc  are  GAL4  reporters 
which  contain  multimerized  GAL4  sites  upstream  of  the 
minimal  Elb  or  SV40  early  promoters  (gifts  of  F  Rauscher 
III).  The  ODC  luciferase  reporter  ODCAluc  and  the  a- 
prothymosin  luciferase  reporters  PrT-luc  and  GAL4mE-PrT- 
luc  have  been  described  (Desbarats  et  aL,  1996;  Packham  and 
Cleveland,  1997).  The  BacBin  baculovirus  was  prepared  by 
standard  methods  (O’Reilly  et  aL,  1992)  using  the  baculovirus 
expression  vector  pYL1392  (Invitrogen)  into  which  the  full- 
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length  Binl  cDNA  was  subcloned.  A  murine  c-Myc 
baculovirus  (a  gift  of  M  Cole)  was  prepared  similarly. 
GALO  is  the  DNA  binding  domain  of  GAL4  (aa  1-143) 
and  GAL4-Myc  includes  aa  1  -262  of  human  Myc  except  the 
b/HLH/LZ  region  (Kato  e/  oL,  1990)  which  is  necessary  to 
bind  Max  (Prendergast  et  al.,  1991).  Binl  deletion  mutants 
and  GAL4  fusion  genes  were  subcloned  for  expression  in 
pcDNA3  (the  same  vector  as  Binl  and  Binl  AM BD). 
BinlABAR-C  was  constructed  by  dropping  an  internal  Afl 
III  restriction  fragment  from  CMV-Binl,  resulting  in  a 
deletion  of  aa  125-207  from  the  BAR  domain  (Sakamuro 
et  al.,  1996).  The  remaining  mutants  were  generated  by 
standard  PCR  methodology  using  the  oligonucleotide  primers 
995'(Bam),  993'SH3(Xho)  (Sakamuro  et  al.,  1996)  and  others 
whose  sequence  is  derived  from  the  Binl  cDNA  sequence 
(GenBank  accession  number  U68485).  The  integrity  of  PCR- 
generated  fragments  was  verified  by  DNA  sequencing.  To 
conserve  space,  oligonucleotides  and  construction  details  are 
omitted  but  are  available  from  GC  Prendergast.  BinlAUl 
lacks  aa  224-248;  BinlANLS,  aa  251 -269;  Binl ASH3,  aa 
384-451;  the  other  mutants  lack  the  residues  indicated. 
GAL4-Binl  fusions  were  generated  in  two  steps  by  first 
subcloning  the  143  aa  DNA  binding  domain  from  GALO  into 
pcDNA3  and  then  ligating  in-frame  full-length  Binl  or 
Binl  AM  BD  (lacking  aa  270-383)  cDNAs  downstream. 


Cell  culture 

COS,  293T,  HeLa,  and  HepG2  cells  from  the  ATCC  were 
maintained  in  Dulbecco’s  modified  Eagle’s  media  (DM EM) 
supplemented  with  10%  fetal  bovine  serum  (Atlantic)  and 
40  U/ml  penicillin  and  streptomycin  (Fisher).  NIH3T3  cells 
were  cultured  in  DM  EM  supplemented  with  10%  calf  serum 
(Gibco)  and  antibiotics  (transfections  were  performed  in 
media  containing  10%  fetal  calf  serum).  C2C12  cells  were 
carried  in  DMEM  supplemented  with  15%  fetal  bovine  serum 
and  antibiotics.  Dificrentiation  of  C2C12  was  induced  by 
removing  shifting  cells  at  ~70%  confluence  to  DMEM 
supplemented  with  5%  horse  serum  and  antibiotics  for  5 
days,  when  myotube  formation  was  maximal.  Secondary 
passage  rat  embryo  fibroblasts  (REFs)  were  obtained  from 
Whittaker  Bioproducts  and  cultured  and  transfected  as 
described  (Prendergast  et  al.,  1992).  For  transformation 
assays,  secondary  passage  REFs  seeded  in  10  cm  dishes  were 
transfected  overnight  by  a  calcium  phosphate  coprecipitation 
method  (Chen  and  Okayama,  1987)  with  5  //g  each  of 
oncogenic  Ras  plus  Myc,  El  A,  or  mutant  p53  expression 
plasmids  and  10  /fg  of  Binl  plasmid  or  empty  vector.  Cells 
were  fed  and  the  next  day  passaged  into  one  15  cm  dish  (Myc 
transfections)  or  three  10  cm  dishes  (El A  or  mutant  p53 
transfections).  Foci  were  scored  by  methanol  fixation  and 
crystal  violet  staining  12-16  days  later.  Colony  formation 
assays  in  HepG2  cells  were  performed  by  seeding  ~3x  10" 
cells  in  6  cm  dishes  and  transfecting  the  next  day  with  2  //g 
plasmid  DNA  using  Lipofectaminc  (Gibco/BRL).  Cells  were 
passaged  48  h  after  transfection  at  a  1:10  ratio  into  6  cm 
dishes  containing  media  with  ~  0.6  mg/ml  G418  and  cell 
colonies  were  scored  by  crystal  violet  staining  ~3  weeks  later. 

hwmm  oprecip  i  tat  ion 

For  insect  cell  experiments,  ~  10^  Sf9  cells  were  infected  with 
the  recombinant  baculoviruscs  indicated  at  an  m.o.i.  of 
approximately  10.  Two  days  after  infection,  cells  were 
harvested  and  ~2xl0^’  cells  for  each  IP  were  extracted  in 
0.5  ml  50mM  TrisCl  pH  8/150  mM  NaCl/0.1%  NP40. 
Clarified  lysates  were  subjected  to  immunoprecipitation  by 
incubation  1.5  h  at  4'’C  with  1  pg  of  anti-murine  c-Myc 
antibody  #6-213  (Upstate  Biotechnology)  or  100  p\  hybri- 
doma  supernatant  containing  the  Binl  monoclonal  antibody 
99D  (Wechsler-Reya  et  al.,  1997a).  Immune  complexes  were 
collected  on  Protein  G-Sepharose  (Pharmacia),  washed  four 


times  with  binding  bulTcr,  eluted  by  boiling  in  SDS  gel 
loading  bufTcr,  and  fractionated  by  SDS  PAGE.  Gels  were 
Western  blotted  by  standard  methods  (Harlow  and  Lane, 
1988)  and  probed  with  1  /ig/ml  anti-Myc  or  a  1:50  dilution 
of  99D  hybridoma  supernatant.  Blots  were  developed  using  a 
chemiluminescence  kit  (Pierce).  For  experiments  in  mouse 
cells,  5-10  dishes  of  growing  or  dificrentiated  C2C12  cells 
were  trypsinized.  washed  with  excess  growth  media  and  then 
with  30  ml  PBS  each  at  4  C.  All  sub.scqucnt  steps  were 
performed  on  ice  or  at  4^C.  Cells  were  resuspended  in 
hypotonic  buftcr  (10  mM  HEPES  pH  8.0,  10  mM  KCl, 
0.1  niM  EDTA,  and  1  mM  PMSF,  aprotinin,  Icupcptin, 
antipain),  incubated  3  5  min,  and  pelleted.  These  swollen 
cells  were  resuspended  in  extraction  bulTcr  (20  mM  HEPES, 
pH  8.0,  100  mM  KCI,  0,1  mM  EDTA,  0.1%  NP-40,  and 
protease  inhibitors)  and  lysed  by  10  strokes  with  a  B  pestle 
homogenizer.  Before  immunoprecipitation,  the  extract  was 
incubated  15  min  and  clarified  by  a  5  min  microcentrifuga- 
tion.  The  protein  concentration  in  the  extract  was  determined 
by  Bradford  assay  and  1.5  mg  was  incubated  overnight  with 
1  pg  anti-c-myc  #sc-42  (Santa  Cruz  Biotechnology).  Immune 
complexes  were  collected  on  protein  G-agarose,  washed  three 
times  with  extraction  buffer,  and  fractionated  by  nonreducing 
SDS -PAGE.  Gels  were  Western  blotted  and  probed  as 
indicated  with  a  1:50  dilution  of  99D  hybridoma  supernatant 
or  ~I  pglm\  anti-Myc  antibody  9E10  (Evan  et  al.,  1985). 
Blots  were  developed  in  these  experiments  with  a  secondary 
goat  anti-mouse  antibody  conjugated  to  alkaline  phospha¬ 
tase,  using  an  colormetric  staining  reaction  catalyzed  by  this 
enzyme.  To  confirm  expression  of  Binl  deletion  mutants, 
COS  cells  were  metabolically  labeled  for  2  h  in  DMEM 
lacking  methionine  and  cysteine  (Gibco)  with  100 //Ci/ml 
EXPRESS  labeling  reagent  (NEN)  and  cell  extracts  were 
prepared  with  NP40  bufiTcr  containing  Icupcptin,  aprotinin, 
phcnylmcthylsulfonyl  fiuoridc,  and  anlipain  (Harlow  and 
Lane,  1988).  Extracts  were  microccntrifugcd  for  15  min  at 
4  C  before  use.  Extracts  were  prcclcarcd  by  a  1  h  treatment 
with  prcblccd  sera  or  normal  mouse  IgG  and  20  p]  or  a  1:1 
slurry  of  protein  G-Sepharose  beads  at  4X  on  a  nutator 
(Pharmacia).  A  mixture  of  hybridoma  supernatants  (50  p\ 
each)  containing  Binl  monoclonal  antibodies  99D,  99E,  and 
991  were  used  for  immunoprecipitation  (Wcchslcr-Rcya  et  al., 
1997a).  After  incubation  I  h  at  4X,  immune  complexes  were 
collected  on  protein  G-Sepharose,  washed  four  times  with 
NP40  bufiTcr,  eluted  in  SDS  gel  loading  bufifer,  fractionated 
on  10%  SDS-PA  gels,  and  iluorographcd. 

Immwwfiuoresceuce 

293T  were  seeded  onto  glass  cover  slips  in  six  well  dishes  and 
transfected  the  next  day  with  5  pg  of  the  Binl  expression 
vectors  indicated.  Two  days  later,  cells  were  fixed,  lysed,  and 
processed  for  Binl  immunonuorcsccncc  as  described  pre¬ 
viously  (Prendergast  and  Ziff,  1991;  Sakamuro  et  al.,  1996; 
Wechslcr-Rcya  et  al.,  1997a),  except  that  a  1:100  instead  of  a 
1  : 5  dilution  of  99D  was  used  to  limit  detection  to  cells 
overexpressing  the  gene  products  of  interest.  Cells  were 
photographed  on  a  Lcica  immunofluorescence  microscope 
apparatus  using  Ektachromc  film  and  slides  were  scanned 
and  processed  with  Photoshop  software. 

T rausacti  vat  ion  a.s.sa\  \s 

Conditions  for  transient  Myc  activation  assays  were  taken 
from  the  reports  using  the  various  reporter  genes  employed 
(Bcllo-Fernandcz  et  al.,  1993;  Dcsbarats  et  al.,  1996;  Kato  et 
al.,  1990;  Packham  and  Cleveland,  1997;  Zhang  and 
Prochownik,  1997).  NIH3T3  or  HcLa  cells  were  transfected 
using  standard  calcium  phosphate  methods  and  promoter 
sequences  and  total  plasmid  DNA  in  each  transfection  was 
equalized  with  empty  vectors  as  appropriate.  Each  DNA 
mixture  included  equivalent  amounts  of  a  /i-galactosidasc 
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vector  to  normalize  for  transfection  efficiency.  Two  days  after 
transfection,  cell  extracts  were  prepared  and  analysed  for 
luciferase  and  /i-galactosidase  activity  using  commercial  kits, 
following  protocols  provided  by  the  vendor  (Promega). 
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We  cloned  and  functionally  characterized  the  mu¬ 
rine  Binl  gene  as  a  first  step  to  investigate  its  physio¬ 
logical  roles  in  differentiation,  apoptosis,  and  tumori- 
genesis.  The  exon-intron  organization  of  the  ^55-kb 
gene  is  similar  to  that  of  the  human  gene.  Consistent 
with  a  role  for  Binl  in  apoptosis,  the  promoter  in¬ 
cluded  a  functional  consensus  motif  for  activation  by 
NF-kB,  an  important  regulator  of  cell  death.  A  muscle 
regulatory  module  defined  in  the  human  promoter 
that  includes  a  consensus  recognition  site  for  myoD 
family  proteins  was  not  conserved  in  the  mouse  pro¬ 
moter.  However,  Binl  is  upregulated  in  embryonic  de¬ 
velopment  by  El 0.5  in  myotomes,  the  progenitors  of 
skeletal  muscle,  supporting  a  role  in  myogenesis  and 
suggesting  that  the  mouse  and  human  genes  may  be 
controlled  somewhat  differently  during  development. 
In  C2C12  myoblasts  antisense  Bml  prevents  induction 
of  the  cell  cycle  kinase  inhibitor  p21WAFl,  suggesting 
that  it  acts  at  an  early  time  during  the  muscle  differ¬ 
entiation  program.  Interspecific  mouse  backcross 
mapping  located  the  Binl  locus  between  Meplb  and 
Ape  on  chromosome  18.  Since  the  human  gene  was 
mapped  previously  to  chromosome  2ql4,  the  location 
of  Binl  defines  a  previously  unrecognized  region  of 
synteny  between  human  chromosome  2  and  mouse 
chromosome  18.  ©  1999  Academic  Press 


INTRODUCTION 

The  identification  and  functional  analysis  of  tumor 
suppressor  genes  are  major  goals  of  cancer  research. 
Binl  is  a  tumor  suppressor  in  breast  and  prostate 
carcinoma  that  was  identified  through  its  ability  to 
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interact  with  the  transcriptional  regulatory  domain  of 
the  Myc  oncoprotein  (Sakamuro  et  al.,  1996;  Wechsler- 
Reya  et  al.,  1997a).  Binl  inhibits  the  oncogenic  and 
transcriptional  properties  of  Myc  (Sakamuro  et  al., 
1996;  Elliott  et  al.,  in  press)  but  it  can  also  inhibit  cell 
growth  by  Myc-independent  mechanisms  (Elliott  et  al., 
in  press).  A  necessary  role  has  been  defined  for  Binl  in 
differentiation  of  C2C12  myoblasts  (Wechsler-Reya  et 
al.,  1998).  Recent  work  has  identified  Abl  as  a  second 
oncoprotein  that  interacts  with  Binl,  through  its  SH3 
domain  (Kadlec  and  Pendergast,  1997)  that  is  dispen- 
sible  for  Myc  interaction  (Sakamuro  et  al.,  1996).  The 
terminal  regions  of  Binl  are  structurally  similar  to 
amphiphysin,  a  neuron-specific  protein  that  is  a  para¬ 
neoplastic  autoimmune  antigen  in  breast  and  lung  can¬ 
cer  (David  et  al,  1994;  Dropcho,  1996),  and  to  RVS167 
and  RVS161,  two  negative  regulators  of  the  cell  cycle  in 
yeast  (Bauer  et  al.,  1993;  Crouzet  et  al.,  1991).  Am¬ 
phiphysin  has  been  implicated  in  receptor-mediated 
endocytosis  (David  et  al.,  1996;  Wigge  et  al.,  1997b), 
and  brain-specific  splice  forms  of  Binl,  also  termed 
amphiphysin  II  or  amphiphysin-related  protein  (But¬ 
ler  et  al.,  1997;  Ramjaun  et  al.,  1997;  Tsutsui  et  al., 
1997),  have  been  reported  to  interact  with  amphiphy¬ 
sin  and  to  influence  endocytosis  (Wigge  et  al.,  1997a; 
Owen  et  al.,  1998).  Taken  together,  the  results  suggest 
that  Binl  is  a  nucleocytoplasmic  adaptor  that  partici¬ 
pates  in  a  signaling  pathway(s)  linking  membrane  traf¬ 
ficking  with  gene  and  cell  cycle  regulatory  events. 

The  human  BINl  gene  has  been  cloned  and  charac¬ 
terized  (Wechsler-Reya  et  al.,  1997b).  It  is  ubiquitously 
expressed  and  extensively  alternately  spliced  with 
highest  expression  in  skeletal  muscle.  BINl  is  located 
at  chromosome  2ql4  (Negorev  et  al.,  1996),  within  a 
mid-2q  region  that  is  deleted  in  —42%  of  metastatic 
prostate  cancers  (Cher  et  al.,  1996).  We  cloned  the 
mouse  Binl  gene  (alternate  symbol  Amphl)  as  a  pre¬ 
requisite  to  generating  homozygous  null  animals  that 
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FIG.  1.  Physical  map  of  the  mouse  Binl  gene.  A  restriction  map  of  four  contiguous  regions  of  the  gene  derived  from  subclones  from  a 
single  BAG  clone  is  shown.  Exons  located  by  Southern  analysis  with  a  murine  cDNA  and  limited  DNA  sequencing  were  numbered  by 
comparison  to  the  human  gene  (Wechsler-Reya  et  aL,  1997b). 


will  allow  investigations  of  its  physiological  functions. 
In  this  study,  we  defined  the  exon-intron  organization, 
promoter,  and  muscle-specific  expression  of  mouse 
Binl,  We  also  obtained  evidence  supporting  a  function 
for  Binl  in  regulating  apoptosis  and  myogenesis.  Fi¬ 
nally,  we  mapped  the  chromosomal  location  of  the  gene 
to  mouse  chromosome  18,  a  locus  that  defines  a  new 
region  of  synteny  with  human  chromosome  2. 

MATERIALS  AND  METHODS 

Gene  cloning  and  characterization.  Three  clones  were  isolated 
from  a  murine  129/Sv  BAG  library  (Genome  Systems)  by  hybridiza¬ 
tion  with  a  full-length  human  cDNA  (Sakamuro  et  aL,  1996).  Restric¬ 
tion  fragments  were  subcloned  into  pKS  II  (-)  (Stratagene)  and 
analyzed  by  extensive  restriction  mapping  and  Southern  analysis 
with  human  Binl  cDNA  probes.  The  DNA  sequences  of  exon-con- 
taining  subclones  were  determined  using  an  automated  DNA  se¬ 
quencer.  Primer  sequences  were  derived  from  a  full-length  murine 
cDNA,  SH3P9  (Sparks  et  al,  1996),  which  encodes  the  ubiquitously 
expressed  splice  form  of  Binl  lacking  exon  10  sequences  (Binl-10) 
(Wechsler-Reya  et  al.,  1997b,  1998).  Exon  16  was  derived  from  a 
mouse  ES  cell  genomic  fragment  generated  by  PGR,  using  primers  in 
exon  15  and  16,  because  none  of  BAG  clones  included  this  exon.  Exon 
16  sequences  shown  in  Fig.  2  include  sequences  from  the  ES  subclone 
as  well  as  from  SH3P9  (Sparks  et  al.,  1996). 

DNA  sequence  analysis.  The  sequence  data  were  assembled  man¬ 
ually  with  assistance  from  MacVector  and  AssembLIGN  software. 
Exons  were  defined  by  alignment  and  comparison  to  the  human 
BlNl  gene  (Wechsler-Reya  et  al.,  1997b)  with  additional  alignments 
to  Binl  expressed  sequence  tags  in  GenBank.  Similarity  between  the 
mouse  and  the  human  coding  regions  was  computed  using  the 
BLASTN  and  TBLASTN  algorithms.  Promoter  sequences  were 
aligned  using  GLUSTAL  W  (1.7)  and  analyzed  with  a  muscle  module 
detection  algorithm  (Wasserman  and  Fickett,  1998)  that  identifies 
clustered  transcription  factor  binding  sites  characteristic  of  muscle- 
specific  promoters. 

Immunohistochemistry.  Mouse  embryos  (10.5  days)  were  fixed 
for  24  h  in  10%  neutral  buffered  formalin,  dehydrated  in  ethanol, 
cleared  in  xylene,  and  embedded  in  paraffin  blocks.  Five  micrometer- 
thick  sections  were  cut  and  mounted  on  Snowcoat  X-tra  Micro  slides 
(Surgipath),  air-dried,  and  heat-fixed  for  30  min  at  56‘'G.  Slides  were 
deparaffinized  in  xylene  twice  for  10  min  each  and  then  rehydrated 
in  decreasing  percentages  of  ethanol,  starting  at  100%  and  ending  in 
PBS.  Endogenous  peroxidase  was  quenched  by  incubating  for  15  min 
in  1%  H2O2  in  methanol  followed  by  PBS  washing.  Slides  were  then 
placed  in  a  600-ml  beaker  in  a  slide  rack  containing  500  ml  of  10  mM 
citrate  buffer  (pH  8,5),  covered  with  plastic  wrap,  and  microwaved 
for  5-min  intervals  for  a  total  of  10  min  at  the  highest  power  setting 
(Gatoretti  et  al,  1992).  After  slides  were  cooled  in  the  citrate  buffer 
for  20  min,  antibody  staining  was  performed  essentially  as  described 
(Sakamuro  et  al,  1996).  Briefly,  tissue  was  blocked  with  10%  goat 
serum  and  incubated  for  30  min  with  a  1:1500  dilution  of  Binl  991 
monoclonal  antibody  from  ascites  (Wechsler-Reya  et  al,  1997a).  The 


primary  antibody  was  visualized  by  a  30-min  incubation  with  biotin- 
conjugated  goat  anti-mouse  antibody,  a  30-min  incubation  with  per¬ 
oxidase-conjugated  streptavidin,  and  a  brief  treatment  with  diami- 
nobenzidine.  Before  mounting,  slides  were  counterstained  with  an 
acidified  solution  of  the  cytoplasmic  dye  light  green.  Stained  embryos 
were  photographed  using  Kodak  T64  film  on  a  Leitz  microscope  at 
80  X  or  400  X  magnification. 

Western  analysis.  G2G12  cells  expressing  antisense  Binl  or  con¬ 
taining  vector  only  were  cultured  in  growth  or  differentiation  me¬ 
dium  and  cell  extracts  were  prepared  and  processed  for  Western 
analysis  as  described  (Wechsler-Reya  et  al,  1998).  Blots  were  probed 
with  rabbit  anti-p21  polyclonal  antibody  G21  (Santa  Gruz  Biotech¬ 
nology)  or  with  murine  anti-myosin  monoclonal  antibody  MF20  (ob¬ 
tained  from  the  Developmental  Studies  Hybridoma  Bank,  Iowa  Gity, 
lA).  HRP-coupled  goat  anti-mouse  or  anti-rabbit  IgG  (BMB)  was 
used  with  a  commercial  chemoluminscence  kit  (Pierce)  to  develop  the 
blots.  Equal  protein  loading  per  lane  was  subsequently  confirmed  on 
blots  by  staining  with  Ponceau  S. 

Interspecific  mouse  backcross  mapping.  Interspecific  backcross 
progeny  were  generated  by  mating  (G57BL/6J  X  Mus  spretus)Yi 
females  and  G57BL/6J  males  as  described  (Gopeland  and  Jenkins, 
1991).  Haplotype  analysis  of  164  N2  mice  was  performed  to  map  the 
Binl  locus;  for  gene  order  determination  up  to  193  mice  were  typed 
for  some  pairs  of  markers.  DNA  isolation,  restriction  enzyme  diges¬ 
tion,  agarose  gel  electrophoresis.  Southern  blot  transfer,  and  hybrid¬ 
ization  were  performed  essentially  as  described  (Jenkins  et  al., 
1982),  All  blots  were  prepared  with  Hybond-N^  nylon  membrane 
(Amersham).  The  probe,  a  1.4-kb  £^coRI///mdIII  fragment  of  mouse 
Binl  cDNA,  was  labeled  with  [a-^^P]dGTP  using  a  random  priming 
kit  (Amersham);  washing  was  performed  to  a  final  stringency  of 
1.0  X  SSGP,  0.1%  SDS  at  65®G.  The  probe  detected  13.0-,  10. 5-,  8.0-, 
5.0-,  4.6-,  and  0.5-kb  BamHl  fragments  in  G57BL/6J  DNA  and  10. 0-, 
8.0-,  6.6-,  5.4-,  4.7-,  2.7-,  and  0.9-kb  fragments  in  RamHI-digested  M. 
spretus  DNA.  The  presence  or  absence  of  the  6.6-,  5.4-,  2.7-,  and 
0.9-kh  M.  spretus-specific  fragments,  which  cosegregated,  was  fol¬ 
lowed  in  backcross  mice.  A  description  of  probes  and  restriction 
fragment  length  polymorphisms  (RFLPs)  for  loci  linked  to  Binl, 
including  desmoglein-3  {Dsg3),  meprinl,  j3  subunit  (Meplb,)  and  the 
adenomatosis  polyposis  coli  gene  (Ape)  has  been  reported  previously 
(Gorbea  et  al.,  1993;  Ishikawa  et  al.,  1994).  Recombination  distances 
and  gene  orders  were  determined  using  Map  Manager,  version  2.6.5 
(Manly,  1993);  gene  order  was  determined  by  minimizing  the  num¬ 
ber  of  recombination  events  required  to  explain  the  allele  distribu¬ 
tion  patterns. 

RESULTS  AND  DISCUSSION 

Structure  of  the  Murine  Binl  Gene 

A  physical  map  of  Binl  was  determined  from  a  single 
BAG  genomic  clone  that  included  the  entire  locus 
within  an  ^100-kb  insert  (see  Fig.  1).  The  relative 
location  of  each  exon  was  determined  by  Southern 
analysis,  and  exon  and  proximal  intron  sequences  were 
determined  by  DNA  sequencing  (see  Fig.  2).  The  mouse 
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No. 

EXON 

INTRON 

1 

CTCACTCGCTCTCCCCGCGCACGCTCCGTCTCCGTCAGTCCCCTGAGCTG 

gtgagtgaacggtaaacctgccacacctctcgcccctacccccgggatct 

TTCTAGTGCGCGGCGTGGAGCCAGGGCTCAGGCTGGTGGAGCGGCCGGGG 

- >  10  kb - 

CTGGAGGCTGGGAGTGCGGCGCGCACGGCCTCCCCGCGCCATTATCCGCG 

CTCGCTTCGGGCGAGGCCGGCGCCAGGATGGCAGAGATGGGGAGCAAGGG 

GGTGACGGCGGGGAAGATCGCCAGCAACGTACAGAAGAAGCTGACCCGAG 

CGCAGGAGAAG 

ccggcccctggcttctcaaggtgatgttgcccnttntctctgtgcggcag 

2 

GTCCTGCAGAAACTGGGGAAGGCGGACGAGACGAAGGACGAGCAGTTTGA 

gtgagtgtttatggaggtgggacagcgtttgctaggtaggagatggtgag 

GCAGTGTGTCCAGAACTTCAATAAGCAGCTG 

- 6  kb - 

ttggtgacagggtccccaggacctgaccttgttcttggcttttctggcag 

3 

ACAGAGGGTACCCGGCTGCAGAAGGATCTTCGGACCTATCTGGCTTCTGT 

gtagggtacgtctctctgtaaggatttggggctgtcaagctgaggtgggc 

TAAAG 

-  150  bp  - 

tgtatgagcccgagtggcctggcagggatgaagcaaacaagattgcagag 

.4 

CGATGCACGAAGCCTCCAAGAAGCTGAGTGAGTGTCTTCAGGAGGTGTAT 

gtaaqcatqgqtgqgtgcccttgqttcttcccccaaggcccttttqgctt 

GAGCCCGAGTGGCCTGGCAGGGATGAAGCAAACAAGATTGCAGAG 

-  300  bp  - 

tgcagacagtgtggcttagctctacaaacgctcctgtttctatgtttcag 

5 

AACAATGACCTACTCTGGATGGACTACCACCAGAAGCTGGTGGACCAGGC 

gtaagaaacctctgggcccattgtcttgcttgggttggagcttgtggaag 

TCTGCTGACCATGGACACCTACCTAGGCCAGTTCCCTGATATCAAG 

- 1.3  kb - 

gggatcttggcaccaggccccaimgatctctcctcctctctgctccctag 

6 

TCGCGCATTGCCAAGCGGGGGCGGAAGCTGGTGGACTATGACAGTGCCCG 

gttcccanctgtgggtggggatggtgctgantccagngccacatanaaca 

GCACCACTATGAGTCTCTTCAAACCGCCAAAAAGAAGGATGAAGCCAAAA 

- >  10  kb - 

TTGCCAAG 

ggtagagttccacacagacgctgacgtaccccactgcctctccatcccag 

7 

GCAGAAGAGGAGCTCATCAAAGCCCAGAAGGTGTTCGAGGAGATGAACGT 

gtaaagtcaggaggggcccaggaacctggcgttcagcctggccctgtgtc 

GGATCTGCAGGAGGAGCTGCCATCCCTGTGGAACAG 

-  200  bp  - 

catcccgtcgcatatggttctcaccatgtcacctcctatctctctggcag 

8 

CCGTGTAGGTTTCTATGTCAACACGTTCCAGAGCATCGCGGGTCTGGAGG 

gtaggccagggggactgggctgtgcaaaggatcagtcagaggcagggatg 

AAAACTTCCATAAAGAGATGAGTAAG 

- 2  kb - 

tgacgaagatgctcgtccaagcctgcttctcttcactcttcctcctgcag 

9  I 

CTCAATCAGAACCTCAATGATGTCCTGGTCAGCCTAGAGAAGCAGCACGG 

gtaggttagggcagggagggtgaggtcagtggggccctgtggcatgatgg 

GAGCAACACCTTCACAGTCAAGGCCCAACCCAG  I 

i 

-  1.5  kb  - 

ttcctagctttcttccaaatgaagcatccacactccaaccatccccacag 

10 

AAAGAAAAGTAAACTGTTTTCGCGGCTGCGCAGAAAGAAGAACAG 

gtaccgccttgagtgcagtgccacgggcctctgggccccgccctgactgc 
-  1.9  kb  - 

ctggctctttgttctgttgataccactctcggtctgtccttcttttacag 

11 

TGACAATGCCCCTGAGAAAGGGAACAAGAGCCCGTCACCTCCTCCAGATG 

gtaggcacgactgttatctctatgtcctggttttcttctctttctctttc 

GCTCCCCTGCTGCTACCCCTGAGATCAGAGTGAACCATGAGCCAGAGCCG 

-  >  6  kb  - 

GCCAGTGGGGCCTCACCCGGGGCTACCATCCCCAAGTCCCCATCTCAG 

ggatgcatcctgctctgtatctgatcccttgctggcattttatgttgcag 

13 

CCAGCAGAGGCCTCCGAGGTGGTGGGTGGAGCCCAGGAGCCAGGGGAGAC 

gtaagacggcaggggccgggccctgttttttcttccctgttgtctgtctg 

AGCAGCCAGTGAAGCAACCTCC 

-  300  bp 

gcttttcctacatggccattggtccagctgactcatcccctatccctcag 

14 

AGCTCTCTTCCGGCTGTGGTGGTGGAGACCTTCTCCGCAACTGTGAATGG 

g tgagcgtaggc tagccaact c  tg tagc  c tt  tgt  c tccgg tgc  c ttgggg 

GGCGGTGGAGGGCAGCGCTGGGACTGGACGCTTGGACCTGCCCCCGGGAT 

-  200  bp 

TCATGTTCAAG 

tggttaagatgggggaatagccccctganatgccttcttaatttntacag 

15 

GTTCAAGCCCAGCATGATTACACGGCCACTGACACTGATGAGCTGCAACT 

gtgaacaagggtgtggggaatcccctggctgctgatgcaatggtgggcat 

CAAAGCTGGCGATGTGGTGTTGGTGATTCCTTTCCAGAACCCAGAGGAGC 

- 3  kb - 

AG 

tggtgagtgctgtgtggtgctcctgtgttagccatgctctgttggccccag 

16 

GATGAAGGCTGGCTCATGGGTGTGAAGGAGAGCGACTGGAATCAGCACAA 

GGAACTGGAGAAATGCCGCGGCGTCTTCCCGGAGAATTTTACAGAGCGGG 

TACAGTGACGGAGGAGCCTTCCGGAGTGTGAAGAACCTTTCCCCCAAAGA 

TGTGTG 

FIG.  2.  Exon-intron  structure.  Exon  and  proximal  intron  sequences  for  the  ubiquitously  expressed  exons  within  the  Binl  gene  are 
shown.  The  figure  is  read  from  left  to  right  with  complete  exon  sequences  shown  on  the  left  and  introns  following  on  the  right.  Register  is 
50  nt  per  line.  Sizes  of  intron  gaps  are  approximate  based  on  estimations  from  restriction  mapping. 


gene  is  similar  in  both  structure  and  organization  to 
the  human  gene  (Wechsler-Reya  et  ah,  1997b),  includ¬ 
ing  conservation  of  a  large  intron  1  (>20  kb)  and  a 
region  of  ^-35  kb  that  includes  the  remaining  exons. 
Exons  were  numbered  by  reference  to  the  human  gene. 
The  mouse  Binl  gene  is  >55  kb  in  length,  which  is 
similar  to  the  ^54-kb  size  of  the  human  gene  (Wech¬ 
sler-Reya  et  aL,  1997b).  A  full-length  mouse  Binl  mes¬ 
sage,  which  has  been  described  [SH3P9;  (Sparks  et  aL, 
1996)],  encodes  the  ubiquitously  expressed  Binl  splice 
form  Binl-10  that  includes  exons  1-9,  11,  and  13-16 
(Wechsler-Reya  et  aL,  1997b,  1998).  The  mouse  and 
human  coding  sequences  are  —89%  identical  at  the 
nucleotide  level  (mouse  nt  41-1461)  and  —95%  identi¬ 
cal  at  the  amino  acid  level  (comparing  the  ubiquitously 
expressed  Binl-10  splice  isoforms).  Proximal  intron 
sequences  for  each  exon  were  generally  highly  con¬ 
served  as  well.  The  BAR  (Binl/Amphiphysin/Rvsl67- 
related)  region  (Sakamuro  et  aL,  1996)  encoded  by  ex¬ 
ons  1-8  includes  sequences  that  are  conserved  in 
amphiphysin  and  conserved  in  organization  to  the  hu¬ 
man  Binl  gene.  Exons  9-11  encode  the  unique  region 


of  Binl  that  is  not  conserved  in  amphiphysin  or 
RVS167.  Exon  9  encodes  the  unique-1  (Ul)  region  that 
includes  sequences  crucial  for  Binl  to  suppress  malig¬ 
nant  cell  transformation  by  adenovirus  ElA  or  mutant 
p53  (Elliott  et  aL,  submitted  for  publication).  Exon  10 
encodes  the  unique-3  region  (U3)  of  Binl  which  is 
alternately  spliced  following  differentiation  of  C2C12 
mouse  myoblasts  in  vitro  (Wechsler-Reya  et  aL,  1998). 
U3  was  initially  thought  to  encode  a  nuclear  localiza¬ 
tion  signal  (Sakamuro  et  aL,  1996)  but  later  investiga¬ 
tions  argued  against  this  likelihood  (Wechsler-Reya  et 
aL,  1998).  Exon  11  encodes  the  proline-rich  unique-2 
(U2)  region,  which  can  serve  as  a  pseudosubstrate  for 
the  Binl  SH3  domain  (D.  Sakamuro,  unpublished  ob¬ 
servations).  Murine  exons  corresponding  to  brain-spe¬ 
cific  exons  12A-12D  in  the  human  gene  (Wechsler- 
Reya  et  aL,  1997b)  were  not  analyzed  in  this  study. 
Exons  13  and  14  encode  sequences  homologous  to  the 
Myc-binding  domain  in  human  Binl  (Sakamuro  et  aL, 
1996).  Exon  13  is  alternately  spliced  in  an  unregulated 
fashion  in  adult  and  embryonic  mouse  tissues  (Wech¬ 
sler-Reya  et  aL,  1998;  Wechsler-Reya  et  aL,  1997b,). 
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mouse  - AATGGAAAAACGGAGTGGTTAGTNAGCATGGGNTAGGCA - AAGAGAAAGGGACA  -484 

human  CGAACGGGGAAGACCAAGCACCGGTTGGTACTGGGTTAGGCGCCGTAGGGCAAAGATGTG  - 5  3  4 

mouse  GAGA AAAAGCCATAGGCCACAGGGTGCAGC  -455 

human  GAGATGTCCCGGAGGCGCCTAGGGTATCCGGGCGAAAACCCGAGGGCCGAAGGCTG— GG  -477 

mouse  AGGAGGCGGA - CGTGGATGNTAGCAGGAGGGAAATCCTTGGTA - GG  -412 

human  AGGAGGCGGAGCGTCGGGCACCGGGC  ACCGGGCGGGAGGTGAGCCCCTGGAAAAGGAGGG  -  4 1 8 

mouse  GACTT TCCCAGCCCGCGGGGGANTTTGGGAGTCCAGGGCCACGCANGCG  -364 

human  GACTCCGGGCGCGTTCTCCCAGCAGCCGCGGCTCCTCTG— TTCAGGGCCGCGCCCCC-  -363 

Mef2 

mouse  TNTATCCCTGCACATTGTCTTTGATTTTTAGAAAGCACTGGACTCCTTCACCTGGT-TAC  - 3  0  6 

human  TTCGCCGCACTTTTTCTTTGATTTC- -GAAAGCACTCCTCTCCTCCACCTAGTCTCC  -309 

Tef 

mouse  ATTCTAGAGTTGCAGAGGTAT— CTGTTTGGAAGGAGAACTTACGCGGTGACACTGAATT  -  2  4  9 

human  TTTCCTGGGTTGCAC^AGA^^  -GGGGMAG^CMGACGCCA -  -268 

Myf/MyoD  NF-KB 

mouse  GGGGACAGCATAGGTAGTTCCCATTCCCAGGCGAAGTTGTAAGCGCATTTGGGGAGTCCC  -190 

human  GG— CCGGCGGAT-TAGTCCCCGCCCCGGGGCGGTGCAGCTGGAGCGTCAGGGGAGTCCC  -212 

mouse  TGAC-CTGCAGCCCCCAGTGCCCGCCCTCCAGGATCCCTCCTC CTGGGCGGTGA  -138 

human  GCTCGCCGCAGCCCCAGCGCCG^^  -  -  CATCCATCCTAGMGGACCTC^C^^  -  - 1 5  6 

SRF  Spl 

mouse  GATCCAGATCCCAGAATGGCCCTTTAAAAGGCAGTGTCGTGTCCGGAGAGGGCGGGCTGG  -  79 

human  CCGGCGCCCGGAGTGGCCCTTTAAAAGGCAGCTTATTGTCCGGAGGGGGCGGGCGGG  -100 

TBP 

mouse  GGGCCACTGACCCGCCC-GCGGCTGGTCCTTTTTCCCCGCCCT TCCCTCCTCC  -  28 

human  GGGCGCCGACCGCGGCCTGAGGCCCGGCCCCTCCCCTCTCCCTCCCTCTGTCCCCGCGTC  -  40 

mouse  TTTGGCTCCCTCCCTCCCTGGAT - CCCCGCGTTG  +  7 

human  GCTCGCTGGCTAGCTCGCTGGCTCGCTCGCCCGTCCGGCGCAC  +  4 

•  +  1 

FIG.  3.  Structure  and  conserved  regulatory  elements  of  the  mouse  Binl  promoter.  The  DNA  sequence  of  —0.5  kb  of  the  5'  flanking  region 
of  the  mouse  gene  is  shown  and  aligned  with  the  human  promoter.  Sequence  alignment  was  performed  using  CLUSTAL  W  (1.7)  except  for 
the  sequences  immediately  surrounding  the  human  gene  cap  site  (dot)  and  5'  end  of  the  mRNA  (double  underlining),  which  was  aligned  by 
visual  inspection.  Mouse  sequences  were  numbered  by  comparison  to  the  human  promoter  (Wechsler-Reya  et  ah,  1997b).  A  muscle  regulatory 
module  identified  by  a  sequence  analysis  algorithm  (Wasserman  and  Fickett,  1998)  in  the  human  promoter  between  -330  and  -125  is 
indicated  by  dotted  underlining.  Consensus  DNA  binding  sites  for  various  transcription  factors  identified  through  this  analysis  or  through 
visual  inspection  are  noted  by  solid  underlining.  Mef2  and  Tef  consensus  sites  in  the  mouse  were  not  conserved  in  the  human  promoter, 
whereas  a  strong  MyfiMyoD  consensus  site  in  the  human  was  not  conserved  in  the  mouse.  A  site  analogous  to  the  TBP  binding  site  noted 
in  the  human  promoter  (Wechsler-Reya  et  aL,  1997b)  was  also  not  detected  in  the  mouse  sequence. 


Exons  15  and  16  encode  the  Sre  homology  3  domain  of 
Binl,  a  feature  that  is  shared  with  amphiphysin  and 
RVS167  (Sakamuro  et  aL,  1996)  and  that  is  necessary 
for  interaction  with  c-Abl  and  dynamin  (Kadlec  and 
Pendergast,  1997;  Owen  et  aL,  1998), 

Conserved  Features  of  the  Binl  Promoter  Suggest 

Roles  in  Myogenesis  and  Apoptosis 

The  DNA  sequence  of  the  5'  flanking  region  up¬ 
stream  of  exon  1  was  determined,  and  this  region  was 
analyzed  and  compared  with  the  human  promoter  (see 
Fig.  3).  There  was  significant  conservation  between  the 
mouse  and  the  human  5'  flanking  regions  within  400 
bp  of  exon  1,  consistent  with  the  identification  of  the 
mouse  Binl  promoter.  Binl  is  expressed  robustly  in 
skeletal  muscle  from  adult  mouse  and  human  (Saka¬ 
muro  et  aL,  1996),  so  the  5'  flanking  regions  of  each 


gene  were  analyzed  using  algorithms  that  identify 
transcription  factor  consensus  binding  sites  and  mus¬ 
cle  regulatory  modules  (Wasserman  and  Fickett, 
1998).  A  muscle  regulatory  module  was  identified  in 
the  human  promoter  between  —330  and  —125  (Fig.  3, 
dotted  underline)  but  an  analogous  module  was  not 
detected  in  the  mouse  promoter.  This  absence  sug¬ 
gested  that  there  may  be  some  difference  in  how  the 
human  and  mouse  genes  are  regulated  during  differ¬ 
entiation.  Consistent  with  the  latter  possibility,  the 
mouse  region  also  lacked  a  CpG  island  that  is  present 
in  the  human  promoter  (Wechsler-Reya  et  aL,  1997b). 
The  muscle  regulatory  sites  identified  in  the  human 
module  included  myogenin/myoD,  Spl,  and  serum  re¬ 
sponse  factor  (SRF).  The  role  of  the  myoD  family 
b/HLH  transcription  factors  in  directing  muscle  differ¬ 
entiation  is  well  known.  SRF  was  initially  identified  as 
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an  activator  of  the  c-/bs  promoter  but  was  later  found  to 
be  crucial  for  regulating  skeletal  muscle-specific  and 
smooth  muscle-specific  gene  expression  (Duprey  and 
Lesens,  1994).  In  the  5'  banking  region  of  the  mouse 
gene,  the  Spl  and  SRF  sites  were  conserved  but  not  the 
myogenin/myoD  site,  pointing  to  another  difference 
with  the  human  promoter.  In  place  of  the  myogenin/ 
myoD  site  were  weak  sites  for  Mef2  and  Tef  Mef2  is  a 
MADS-box  transcription  factor  that  is  required  for 
muscle  development  (Olson  et  aL,  1995).  Since  Binl 
must  be  upregulated  for  differentiation  of  C2C12  myo¬ 
blasts  (Wechsler-Reya  et  ah,  1998),  the  Mef2  site  may 
be  relevant  to  this  event  because  it  has  also  been 
shown  to  be  required  for  C2C12  differentiation  (Or- 
natsky  et  aL,  1997).  The  Mef  site  may  also  be  relevant 
to  the  high-level  expression  of  Binl  in  adult  brain 
(Butler  et  al.,  1997;  Sakamuro  et  at,  1996;  Wechsler- 
Reya  et  al.,  1997b)  and  in  PC  12  cells  (R.  Wechsler-Reya 
and  G.C.P.,  unpublished  results)  since  Mef2  isoforms 
are  strongly  expressed  in  neuronal  cells  (Lyons  et  aL, 
1995).  The  Tef  site  may  be  relevant  to  housekeeping  as 
well  as  muscle-specific  regulation  of  Binl.  Tef  was  orig¬ 
inally  identified  as  an  SV40  enhancer-binding  factor 
but  was  subsequently  discovered  to  be  an  important 
factor  in  cardiac  muscle-specific  gene  regulation  (Far- 
rance  et  aL,  1992).  Spl  and  Tef  sites  are  proximal  in 
the  SV40  promoter  so  interactions  between  these  fac¬ 
tors  may  be  involved  in  the  basal  but  ubiquitous  Binl 
expression  seen  in  tissues  outside  of  muscle  and  brain 
(Wechsler-Reya  et  aL,  1997b).  Taken  together,  the  data 
suggested  that  SRF  and  Spl  directed  muscle-specific 
expression  of  Binl  with  additional  contributions  from 
myogenin/myoD  in  human  and  from  Tef  and  Mef2  in 
mouse. 

One  notable  feature  of  the  Binl  promoter  identified 
in  this  study  was  the  presence  of  an  evolutionarily 
conserved  strong  consensus  binding  site  for  NF-kB. 
This  finding  was  interesting  because  of  evidence  that 
Binl  has  a  positive  role  in  c-Myc-mediated  apoptosis 
and  that  Binl  can  drive  apoptosis  of  tumor  cells  that 
contain  deregulated  c-Myc  (D.  Sakamuro,  K.  Elliott,  K. 
Ge,  J.  Duhadaway,  D.  Ewert,  and  G.C.P.,  manuscripts 
in  preparation).  NF-kB  has  important  roles  in  onco¬ 
gene-mediated  cell  transformation  (Mayo  et  aL,  1997; 
Reuther  et  aL,  1998)  and  apoptosis  (Baichwal  and  Bae- 
uerle  1997).  The  likelihood  that  the  NF-kB  site  in  the 
Binl  promoter  is  functional  was  supported  by  the  ob¬ 
servations  that  (1)  Binl  message  levels  were  increased 
by  TNF-a,  which  stimulates  NF-kB  activity,  and  that 
(2)  a  Binl  promoter-reporter  gene  could  be  activated 
several-fold  by  TNF-a  or  ReLA/p50  and  c-Rel/p50  in 
transient  cotransfection  assays  (data  not  shown).  In 
future  work,  it  will  be  important  to  determine  whether 
Binl  mediates  certain  NF-kB  responses  in  apoptosis, 
for  example,  those  activated  by  tumor  necrosis  factor, 
and  whether  the  Myc-Binl  system  may  modulate  the 
ability  of  NF-kB  to  control  apoptosis. 


Binl  Is  Upregulated  during  Development  by  E10.5  in 

Myotomes 

The  inability  to  identify  a  muscle  regulatory  module 
in  the  mouse  Binl  promoter  prompted  us  to  investigate 
the  expression  of  Binl  during  muscle  development. 
Myogenesis  initiates  during  development  in  somites, 
segmented  paraxial  mesoderm  that  is  arrayed  along 
the  dorsal  axis  alongside  the  developing  central  ner¬ 
vous  system.  The  dorsal  part  of  the  somite  includes  the 
myotome,  which  is  the  progenitor  of  skeletal  muscle. 
Early  stages  of  myogenesis  are  apparent  in  E10.5  myo¬ 
tomes  because  myf5  and  myoD  have  been  switched  on 
and  elongation  of  cells  destined  to  become  muscle  can 
be  seen.  We  performed  an  immunohistochemical  anal¬ 
ysis  of  E  10.5  embryos  with  a  Binl  monoclonal  antibody 
(Wechsler-Reya  et  aL,  1997a)  to  determine  whether 
Binl  was  switched  on  at  this  stage.  In  sagittal  sections, 
strong  staining  was  detected  in  elongated  cells  present 
in  a  dorsally  located  segmented  pattern  consistent  with 
somites  (see  Figs.  4A  and  B).  The  cytoplasmic  staining 
pattern  was  consistent  with  that  seen  following  in  vitro 
differentiation  of  C2C12  myoblasts,  when  Binl  is  ex¬ 
ported  from  the  nucleus  to  the  cytosol  (Wechsler-Reya 
et  aL,  1998).  In  transverse  sections,  staining  was  con¬ 
fined  to  a  medial  part  of  a  dorsolateral  segment  of  the 
myotome  (see  Fig.  4C,  arrowhead,  and  Fig.  4D).  Stain¬ 
ing  was  specific  in  the  somite  region  inosfar  as  there 
was  no  significant  staining  of  the  adjacent  sclerotomes, 
which  are  the  progenitors  of  skeletal  bone.  The  data 
indicated  that  Binl  was  activated  during  myogenesis 
even  though  its  promoter  lacked  a  consensus  DNA 
binding  site  for  the  important  myoD  family  of  muscle 
determination  factors  (Molkentin  and  Olson,  1996). 
Mef2  is  expressed  before  E10.5  in  the  myotome  (Ed¬ 
mondson  et  aL,  1994)  so  this  factor  may  be  responsible 
for  activating  the  Binl  gene  at  this  time.  We  concluded 
that  despite  the  absence  of  a  myoD  family  consensus 
binding  site  in  its  promoter,  Binl  was  activated  at  an 
early  stage  of  myogenesis. 

Binl  Functions  at  an  Early  Time  during  Myoblast 

Differentation 

In  previous  work,  we  showed  that  Binl  is  induced 
and  has  a  necessary  role  during  differentiation  of 
C2C12  myoblasts  (Wechsler-Reya  et  aL,  1998),  a  model 
for  muscle  differentiation  in  vitro.  The  immunochemi¬ 
cal  results  above  validated  the  induction  of  Binl  seen 
in  C2C12  and  raised  the  question  of  when  Binl  acts 
during  myoblast  differentation.  We  have  shown  that 
C2C12  cells  expressing  antisense  Binl  do  not  exit  the 
cell  cycle  and  differentiate  following  serum  deprival 
(Wechsler-Reya  et  aL,  1998).  An  important  early  event 
in  C2C12  differentiation  that  leads  to  cell  cycle  inhibi¬ 
tion  is  induction  of  the  cell  cycle  kinase  inhibitor 
p21^^^  (Walsh  and  Perlman,  1997).  Therefore,  we  ex¬ 
amined  the  regulation  of  p21^^^  or  myosin,  a  marker 
for  biochemical  differentiation,  in  antisense  or  control 
C2C12  cell  lines  generated  previously. 
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FIG.  4.  Binl  is  specifically  upregulated  in  myotomes  by  E10.5 
during  murine  development.  E10.5  embryos  were  processed  for  Binl 
immunohistochemistry  as  described  under  Materials  and  Methods. 
(A)  Sagittal  section  illustrating  expression  of  Binl  in  elongating 
myoblasts  in  somites,  80 x.  (B)  Same  section  as  above,  400x.  (C) 
Transverse  section  illustrating  expression  of  Binl  in  the  myotome 
but  not  the  sclerotome  of  a  somite  (arrowhead),  80 X.  Orientation  is 
provided  by  the  neural  tube  seen  in  the  upper  right  corner  of  the 
figure.  Expression  of  Binl  in  endothelial  cells  (bottom  right  side  of 
the  figure)  and  in  certain  neurons  in  the  neural  tube,  a  phenomenon 
also  noted  in  the  brain  (data  not  shown),  is  also  illustrated  in  this 
figure.  (D)  Same  section  as  above,  400 X. 

Western  analysis  of  extracts  isolated  at  various 
times  after  induction  of  differentiation  by  serum  dep- 
rival  showed  that  was  not  appropriately  up- 

regulated  in  antisense  cells  (see  Fig.  5).  In  control  cells, 
p2iWAFi  jgygjg  steadily  increased  from  a  basal  level  of 
expression  starting  at  day  1  after  serum  deprival.  My¬ 
osin  expression  indicative  of  complete  biochemical  dif¬ 
ferentiation  was  first  detected  at  day  3  in  these  cells.  In 
contrast,  in  cells  expressing  antisense  Binl, 
was  undetectable  in  undifferentated  cells  (day  0)  and 
was  only  transiently  induced  on  day  1  after  differenti¬ 
ation  was  induced.  As  seen  before,  these  cells  did  not 
proceed  to  express  myosin  and  biochemically  differen¬ 
tiate  (Wechsler-Reya  et  al,  1998),  presumably  because 
p2]^wAFi  appropriately  upregulated  such  that 


cells  could  exit  the  cell  cycle.  We  concluded  that  Binl 
functioned  at  an  early  stage  of  myoblast  differentia¬ 
tion,  at  a  point  required  to  sustain  activation  of  p2l'^^^^ 
and  subsequent  cell  cycle  exit. 

Binl  Is  Located  within  the  Proximal  Region  of  Mouse 

Chromosome  18 

The  chromosomal  location  of  Binl  was  determined 
by  interspecific  backcross  analysis  using  progeny  de¬ 
rived  from  matings  of  [(C57BL/6J  X  M.  spretusWi  X 
C57BL/6J]  mice.  This  interspecific  backcross  mapping 
panel  has  been  typed  for  over  2500  loci  that  are  well 
distributed  among  all  the  autosomes  as  well  as  the  X 
chromosome  (Copeland  and  Jenkins,  1991).  To  identify 
informative  RFLPs  for  gene  mapping,  the  mouse  Binl 
cDNA  was  used  as  a  probe  in  Southern  blot  analysis  of 
C57BL/6J  and  M.  spretus  genomic  DNAs  digested  with 
several  restriction  enzymes  (see  Materials  and  Meth¬ 
ods).  The  inheritance  of  the  M.  spretus-specific  alleles 
was  followed  in  backcross  mice,  and  the  strain  distri¬ 
bution  pattern  of  the  RFLP  was  determined  to  position 
the  locus  on  the  interspecific  backcross  map.  The  map¬ 
ping  results  indicated  that  the  Binl  locus  is  located  in 
the  proximal  region  of  chromosome  18  (see  Fig.  6),  0.5 
cM  proximal  to  Ape.  The  same  results  were  obtained  by 
using  Hindi  polymorphisms  and  by  using  the  human 
BlNl  cDNA  as  a  probe  to  follow  Taq  I  polymorphisms 
(data  not  shown).  We  compared  our  interspecific  map 
of  chromosome  18  with  composite  mouse  linkage  maps 
that  report  the  map  location  of  many  uncloned  mouse 
mutations  (provided  from  Mouse  Genome  Database,  a 
computerized  database  maintained  at  The  Jackson 
Laboratory,  Bar  Harbor,  ME). 

In  humans,  BINl  has  been  mapped  to  chromosome 
2ql4  by  fluorescence  in  situ  hybridization  and  by  PGR 
analysis  of  somatic  cell  hybrids  (Negorev  et  aL,  1996), 
but  synteny  has  not  been  reported  previously  between 
human  chromosome  2ql4  and  mouse  chromosome  18. 
However,  in  the  mouse,  synteny  has  not  been  deter- 
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FIG.  5.  Impaired  activation  of  in  myoblasts  whose  dif¬ 

ferentiation  is  blocked  by  antisense  Binl.  Cell  extracts  were  pre¬ 
pared  from  control  or  antisense  Bin  1-expressing  C2C12  murine  myo¬ 
blasts  (Wechsler-Reya  et  al,  1998).  Cells  were  cultured  in  growth 
medium  (day  0,  dO)  or  in  differentiation  medium  for  various  times 
(dl,d3,  and  d4)  before  extract  preparation.  Western  blotting  was 
performed  using  anti-p21  and  anti-myosin  antibodies.  A  control  for 
p21  induction  was  provided  by  the  rat  cell  line  BRK/Anl,  which 
harbors  a  temperature-sensitive  p53  mutant;  in  this  cell  lines  p21  is 
induced  by  activation  of  wildtypc  p53  at  32°C  but  not  mutant  at 
38°C. 
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FIG.  6.  Partial  chromosome  linkage  map  showing  the  mouse 
chromosomal  location  of  Binl  as  determined  by  interspecific  back- 
cross  analysis.  (Top)  Segregation  patterns  of  Binl  and  flanking 
genes.  Each  column  represents  the  chromosome  identified  in  the 
backcross  progeny  that  was  inherited  from  the  (C57BL/6J  X  M. 
spretus)Fi  parent.  Black  boxes  indicate  the  presence  of  a  C57BL/6J 
allele,  and  white  boxes  indicate  the  presence  of  a  M.  spretus  allele. 
The  number  of  offspring  inheriting  each  t3npe  of  chromosome  is  listed 
at  the  bottom  of  each  column,  for  a  total  of  164  mice  analyzed  for  the 
segregation  analysis  of  Binl.  (Bottom)  Gene  order  analysis.  Data 
from  up  to  193  mice  were  used  to  generate  the  partial  chromosome 
linkage  map  of  chromosome  18,  which  indicated  the  location  of  Binl 
in  relation  to  linked  genes.  To  the  left  of  the  chromosome  map  is 
shown  the  number  of  recombinant  N2  animals  over  the  total  number 
of  animals  typed,  with  the  recombination  frequencies  for  each  pair 
expressed  as  genetic  distances  in  centimorgans  (with  confidence 
intervals  at  the  5  or  1%  risk  level).  The  positions  of  loci  in  human 
chromosomes  are  shown  to  the  right.  References  for  the  human  map 
positions  of  loci  cited  in  this  study  can  be  obtained  from  GDB  (Ge¬ 
nome  Data  Base),  a  computerized  database  of  human  linkage  infor¬ 
mation  maintained  by  The  William  H.  Welch  Medical  Library  of  The 
Johns  Hopkins  University  (Baltimore,  MD). 


mined  in  the  6.7-cM  region  between  loci  that  flank 
Binl  and  have  been  mapped  in  both  species  {Meplb 
and  Ape).  As  discussed  above,  the  human  and  mouse 
genes  share  significant  similarity,  and  all  the  Binl 
polymorphisms  that  we  followed  in  backcross  mice  fell 
into  the  same  region  on  mouse  18.  Therefore,  we  con¬ 
clude  that  the  Binl  locus  truly  defines  a  new  region  of 
synteny. 
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Despite  its  intensive  investigation  for  almost  two 
decades,  c-Myc  remains  a  fascinating  and  enigmatic 
subject.  A  large  and  compelling  body  of  evidence 
indicates  that  c-Myc  is  a  transcription  factor  with 
central  roles  in  the  regulation  of  cell  proliferation, 
differentiation,  and  apoptosis,  but  its  exact  function  has 
remained  elusive.  In  this  review  we  survey  recent 
advances  in  the  identification  and  analysis  of  c-Myc- 
binding  proteins,  which  suggest  insights  into  the 
transcriptional  roles  of  c-Myc  but  which  also  extend 
the  existing  functional  paradigms.  The  C-terminal 
domain  (CTD)  of  c-Myc  mediates  interaction  with 
Max  and  physiological  recognition  of  DNA  target 
sequences,  events  needed  for  all  biological  actions. 
Recently  described  interactions  between  the  CTD  and 
other  cellular  proteins,  including  YY-1,  AP-2,  BRCA-1, 
TFII-I,  and  Miz-1,  suggest  levels  of  regulatory  complex¬ 
ity  beyond  Max  in  controlling  DNA  recognition  by  c- 
Myc.  The  N-terminal  domain  (NTD),  which  includes  the 
evolutionarily  conserved  and  functionally  crucial  Myc 
Box  sequences  (MBl  and  MB2),  contains  the  transcrip¬ 
tion  activation  domain  (TAD)  of  c-Myc  as  well  as 
regions  required  for  transcriptional  repression,  cell  cycle 
regulation,  transformation,  and  apoptosis.  In  addition  to 
interaction  with  the  retinoblastoma  family  protein  pl07, 
the  NTD  has  been  shown  to  interact  with  a-tubulin  and 
the  novel  adaptor  proteins  Binl,  MM-1,  Pam,  TRRAP, 
and  AMY-1.  The  structure  of  these  proteins  and  their 
effects  on  c-Myc  actions  suggest  links  to  the  transcrip¬ 
tional  regulatory  machinery  as  well  as  to  cell  cycle 
regulation,  chromatin  modeling,  and  apoptosis.  Investi¬ 
gations  of  this  emerging  NTD-based  network  may  reveal 
how  c-Myc  is  regulated  and  how  it  affects  cell  fate,  as 
well  as  providing  tools  to  distinguish  the  physiological 
roles  of  various  Myc  target  genes. 

Keywords:  neoplastic  transformation;  apoptosis;  tran- 
scription;  oncogene;  tumor  suppressor;  proliferation 


The  Myc  family  of  nuclear  oncoproteins  are  key  cell 
growth  regulators  that  are  oncogenically  activated  in  a 
large  fraction  of  human  malignancies  (reviewed  in 
Cole,  1986;  Kelly  and  Siebenlist,  1986;  Spencer  and 
Groudine,  1991),  Most  investigations  have  focused  on 
the  product  of  the  c-Myc  gene,  which  is  widely 
expressed,  but  related  Myc  family  genes  that  are  less 
broadly  expressed  are  also  activated  in  malignancy  (for 


example,  N-Myc,  which  is  activated  in  neuroblastoma, 
and  L-Myc,  which  is  activated  in  lung  carcinoma;  De 
Pinho  et  al,  1991).  c-Myc  can  be  functionally 
deregulated  by  both  genetic  or  epigenetic  mechan¬ 
isms,  for  example,  by  chromosomal  translocation  or  by 
constitutive  expression  due  to  activation  of  upstream¬ 
acting  growth  factor  receptors,  respectively.  Many 
studies  have  documented  c-Myc  overexpression  in 
cancer.  However,  because  deregulation  rather  than 
overexpression  of  Myc  is  sufficient  for  oncogenic 
activation,  the  involvement  of  Myc  in  cancer  may  be 
much  broader  than  indicated  by  these  studies.  c-Myc  is 
crucial  for  cell  proliferation  in  normal  and  neoplastic 
settings.  Following  mitogenic  stimulation  of  normal 
quiescent  cells,  c-Myc  is  rapidly  induced  and  remains 
elevated,  suggesting  that  it  is  required  for  continuous 
cell  growth.  Although  its  exact  role  is  not  entirely  clear, 
c-Myc  appears  to  be  needed  at  several  points  during 
the  cell  cycle  (Evan  and  Littlewood,  1993).  Induction 
of  c-Myc  is  sufficient  to  drive  quiescent  cells  into  the 
cell  cycle  (Eilers  et  ai,  1989),  while  inhibition  of  Myc 
can  block  mitogenic  signals  and  facilitate  cell  differ¬ 
entiation  (Hanson  et  aL,  1994;  Heikkila  et  aL,  1987; 
Holt  et  aL,  1988;  Sawyers  et  aL,  1992;  Sklar  et  aL, 
1991).  Associated  with  its  ability  to  drive  proliferation 
is  an  equally  potent  ability  to  drive  apoptosis  (Askew 
et  aL,  1991;  Evan  et  aL,  1992).  However,  this  feature  is 
latent  and  only  revealed  in  normal  cells  if  c-Myc 
expression  is  uncoupled  from  survival  signals  mediated 
by  cytokine  and  adhesion  receptors  (see  Prendergast, 
this  issue). 

The  mechanisms  through  which  c-Myc  mediates  its 
diverse  effects  on  cell  fate  are  unknown.  A  broad 
body  of  work  argues  convincingly  that  c-Myc  is  a 
transcription  factor  which  activates  and  represses 
different  target  genes  (Amati  et  aL,  1998;  Bouchard 
et  aL,  1998;  Dang,  1999;  Facchini  and  Penn,  1998; 
Henriksson  and  Liischer,  1996;  Lemaitre  et  aL,  1996; 
Prendergast,  1997;  Steiner  et  aL,  1996).  However, 
there  are  a  large  number  of  studies  which  suggest  that 
c-Myc  has  unique  aspects  beyond  those  associated 
with  ‘classical’  transcription  factors  (Lemaitre  et  aL, 
1996;  Prendergast,  1997)  and  the  identification  of 
cellular  factors  which  interact  with  c-Myc  in  cells 
would  provide  deeper  insight  into  other  possible 
function(s).  The  C-terminal  domain  (CTD)  of  c-Myc 
mediates  DNA  binding  to  physiological  target  genes 
through  a  heterodimer  complex  with  basic  region/ 
helix- loop -helix/‘leucine  zipper’  (b/HLH/Z)  protein 
Max.  The  N-terminal  domain  (NTD)  includes  the 
transcription  activation  domain  (TAD).  Two  short 
segments  in  the  NTD  termed  Myc  boxes  1  and  2 
(MBl  and  MB2)  are  conserved  in  all  Myc  family 
proteins  and  are  crucial  for  all  biological  activities. 
The  NTD  also  mediates  transcriptional  repression  (Li 
et  aL,  1994;  Philipp  et  aL,  1994).  Both  the  NTD  and 
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CTD  are  crucial  for  all  biological  activities  whereas 
the  central  portion  of  c-Myc  is  dispensable.  In  recent 
years,  barriers  to  the  identification  of  cellular  proteins 
which  interact  with  c-Myc  have  begun  to  give  way, 
providing  new  avenues  for  investigation  of  c-Myc 
function.  New  CTD-interacting  proteins  reinforce  the 
role  of  this  region  in  mediating  specific  DNA  binding 
and  suggest  novel  levels  at  which  DNA  binding  is 
regulated.  New  NTD-binding  proteins  suggest  links  to 
the  transcriptional  regulatory  machinery,  including  the 
anticipated  link  to  complexes  that  contain  histone 
acetylases,  but  also  hint  at  novel  connections  to  cell 
cycle  regulation,  chromatin  remodeling,  and  apoptosis. 
Table  1  presents  a  list  of  the  c-Myc-interacting 
proteins  surveyed  in  this  review  along  with  their 
potential  roles. 


CTD-interacting  proteins 

The  essential  CTD  spans  aa  360-437  in  c-Myc  and  is 
comprised  of  the  b/HLH/Z  domain.  In  addition  to 
Max,  the  proteins  Nmi,  YY-1,  AP-2,  TFIIT,  BRCAl, 
and  Miz-1  have  each  been  implicated  in  interactions 
with  this  region.  All  these  proteins  have  been  linked  to 
transcriptional  regulation,  most  strongly  in  the  cases  of 
YY-1,  AP-2,  and  TFII-I.  Investigations  of  the 
interactions  between  c-Myc  and  these  proteins  have 
strengthened  the  notion  that  the  function  of  the  CTD 
is  to  control  the  access  of  the  NTD  to  particular 
genetic  loci.  However,  the  results  of  several  investiga¬ 
tions  have  also  prompted  the  idea  that  the  association 
of  c-Myc  may  have  a  reciprocal  regulatory  effect  on  the 
CTD-binding  factors,  especially  in  the  cases  of  YY-1 
and  TFII-I.  In  this  sense,  some  of  the  recent  work 
introduces  the  idea  that  the  CTD  may  also  act  as  a 
domain  that  regulates  the  activity  of  other  transcrip¬ 
tion  factors,  by  sequestering  them  or  preventing  their 


Table  1  Effects  on  Myc  function.  Myc-interacting  proteins  surveyed 
in  this  review  are  summarized  with  regard  to  their  reported  effects  on 
c-Myc  function 


Interacting 

protein 

Transactivation 

Function^ 

Cell  transformation 

Apoptosis 

NTD-binding 

pl07 

— 

— 

ND 

BINl 

_ 

— 

+ 

TRRAP 

ND'’ 

+ 

c 

MM-1 

- 

_d 

ND 

AMY-1 

+ 

ND 

ND 

Pam 

ND 

ND 

ND 

a-Turbulin 

ND 

ND 

ND 

CTD-binding 

Max 

+ 

-h 

+ 

YYl 

- 

— 

ND 

AP2 

- 

ND 

ND 

TFII-I 

— 

ND 

ND 

BRCAl 

- 

— 

ND 

Miz-1 

e 

ND 

ND 

^  — ,  inhibitory  effect;  +,  positive  or  necessary  effect;  ND,  not 
determined.  ^TRRAP  is  a  component  of  the  transcriptional  adaptor 
complex  SAGA  which  contains  histone  acetyltransferases  (HATs).  It 
has  yet  to  be  explicitly  shown  that  HAT  activity  is  required  for  Myc 
to  drive  proliferation.  ‘^M  Cole,  pers.  comm.  Ariga,  pers.  comm, 
^transactivation  by  Miz-1  is  inhibited  by  interaction  with  the  Myc 
CTD  (see  text) 
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interaction  with  other  factors  (such  as,  for  example,  the 
interaction  of  YY-1  with  TBP  or  TFII-B,  or  the 
interaction  of  TFII-I  with  TBP. 


The  identification  of  Max,  a  physiological  b/HLH/Z 
partner  protein  for  c-Myc,  was  a  milestone  that 
provided  the  basic  insight  into  how  c-Myc  recognizes 
DNA  (reviewed  in  Blackwood  et  aL,  1992b;  Henriks- 
son  and  Liischer,  1996;  Kato  and  Dang,  1992;  Meichle 
et  aL,  1992;  Prendergast  and  Ziff,  1992).  The  function 
of  Max  is  to  control  the  access  of  Myc  proteins  to  their 
physiological  DNA  recognition  sites.  Max  is  essentially 
comprised  of  a  b/HLH/Z  domain  and  a  C-terminal 
nuclear  localization  sequence.  X-ray  crystallographic 
analysis  of  the  b/HLH/Z  from  this  simple  protein 
provided  the  first  glimpse  of  the  structure  of  the  HLH 
domain  (Ferre-D’Amare  et  aL,  1993).  Heterodimeriza¬ 
tion  with  Max  is  necessary  for  c-Myc  to  mediate 
proliferation,  transformation,  and  apoptosis  (Amati  et 
aL,  1993a,b;  Mukherjee  et  aL,  1992;  Prendergast  et  aL, 
1992).  Homodimerization  of  Max  occurs  in  vitro  but  it 
is  unclear  if  homodimerization  is  meaningful  in  vivo 
(Yin  et  aL,  1998).  The  DNA  binding  capacity  of  Max 
is  subject  to  regulation  by  casein  kinase  Il-mediated 
phosphorylation  proximal  to  the  basic  region  and  by 
alternate  splicing  (Arsura  et  aL,  1995;  Berberich  et  aL, 
1992;  Bousset  et  aL,  1993;  Makela  et  aL,  1992; 
Prochownik  and  Van  Antwerp,  1993;  Vastrik  et  aL, 
1995).  Max  is  a  long-lived  and  constitutively  expressed 
protein  whose  levels  are  upregulated  several-fold  by 
serum  growth  factors  in  all  cells  examined  except 
certain  3T3  cells  (Berberich  et  aL,  1992;  Blackwood  et 
aL,  1992a;  Martel  et  aL,  1995;  Prendergast  et  aL,  1991; 
Shibuya  et  aL,  1992;  Wagner  et  aL,  1992).  Examples  of 
Max  deletion  have  been  seen  in  PC  12  pheochromocy- 
toma  cells  (Hopewell  and  Ziff,  1995),  suggesting  that 
other  Myc  partner  proteins  exist.  Although  the  human 
Max  gene  lies  at  chromosome  14q23  where  abnormal¬ 
ities  occur  in  some  cancers  (Wagner  et  aL,  1992), 
alterations  of  Max  do  not  appear  to  occur  in  malignant 
cells. 

Max  also  interacts  with  the  Mad  family  of  b/HLH/ 
Z  proteins  which  are  implicated  in  transcriptional 
repression,  cell  growth  inhibition,  and  differentiation 
(Amati  and  Land,  1994;  Foley  et  aL,  1998;  Hurlin  et 
aL,  1994;  Schreiber-Agus  and  DePinho,  1998).  Mad/ 
Max  heterodimers  recognize  Myc/Max  E  box 
sequences  and  repress  transcription  via  Mad-depen¬ 
dent  interactions  with  the  corepressor  protein  mSin3 
(Ayer  et  aL,  1995;  Schreiber-Agus  et  aL,  1995),  which 
recruits  histone  deacetylases  that  remodel  chromatin 
and  suppress  transcription  (Hassig  et  aL,  1997; 
Laherty  et  aL,  1997).  Max  and  Mad  arose  earlier  in 
evolution  earlier  than  Myc.  For  example,  homologs  of 
Max  and  Mad  but  not  of  Myc  can  be  found  in  C. 
elegans  that  function  similarly  to  their  human 
counterparts  (Yuan  et  aL,  1998),  whereas  Myc  has 
been  found  only  as  far  down  the  evolutionary  tree  as 
Drosophila  (Gallant  et  aL,  1996).  Thus,  Max  stands  at 
a  crossroads  between  Myc  and  Mad  proteins  whose 
actions  oppose  each  other  in  proliferation  and 
differentiation  (Chin  et  aL,  1995).  Max  also  hetero- 
dimerizes  with  the  b/HLH/Z  protein  Rox/Mnt,  which 
is  also  implicated  in  binding  to  Myc/Max  and  Mad/ 


Max 
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Max  DNA  binding  sites,  differentiation,  and  tran¬ 
scriptional  repression  via  an  mSin3-dependent  me¬ 
chanism  (Hurlin  et  al.,  1997;  Meroni  et  ai,  1997). 
Max  switches  from  Myc  to  Mad  and  probably  Mnt 
during  differentiation  (Ayer  and  Eisenman,  1993; 
Cultraro  et  af.,  1997;  Hurlin  et  a!.,  1997;  Larsson  et 
al.,  1997;  Meroni  et  al.,  1997),  although  Max  may  not 
be  an  obligate  partner  in  all  Mad  complexes  during 
differentiation  (Gupta  et  al.,  1998;  Ryan  and  Birnie, 
1997a).  Recent  investigations  of  Max  are  considered 
further  by  Luscher  and  Larsson  in  this  issue. 

Nmi 

Nmi  was  identified  in  a  yeast  two  hybrid  screen  for 
proteins  that  could  interact  with  the  N-Myc  HLH/Z 
region  (Bao  and  Zervos,  1996).  While  the  function  of 
Nmi  is  unknown  its  C-terminus  is  similar  to  an 
interferon-induced  leucine  zipper  protein,  IFF  35. 
Nmi  binds  to  both  c-Myc  and  N-myc  in  cells  and  to 
other  transcription  factors  in  yeast.  It  is  expressed  at 
low  levels  in  all  fetal  and  adult  human  tissues  tested, 
except  brain,  and  high  levels  are  seen  in  certain 
myeloid  leukemias  which  also  express  high  levels  of 
Q-myc  (Bao  and  Zervos,  1996).  The  nmi  gene  is  located 
at  human  chromosome  22ql3.3,  a  region  which  is 
reportedly  translocated  in  some  human  leukemias.  A 
recent  report  in  which  Nmi  was  identified  as  a  STAT- 
binding  protein  suggests  a  more  universal  role  of  Nmi 
in  transcriptional  regulation  (Zhu  et  a!.,  1999).  Nmi 
does  not  have  any  intrinsic  transactivation  domain  but 
binds  to  all  STAT  proteins  except  STAT2  and 
augments  STAT-activated  transcription  by  recruiting 
the  coactivator  proteins  CBP/p300.  It  will  be  of 
interest,  therefore,  to  determine  if  Nmi  plays  any  role 
in  recruiting  coactivator  proteins  to  N-Myc  and  c-Myc, 
although  the  basis  for  biochemical  association  between 
Nmi  and  CBP/p300  in  the  context  of  STATs  is  unclear 
at  this  point. 

YY-1 

The  C-terminal  half  of  c-Myc  including  the  central 
domain  and  CTD  was  identified  in  a  yeast  two  hybrid 
screen  for  proteins  that  could  interact  with  the 
transcription  factor  Yin- Yang- 1  (YY-1)  (Shrivastava 
et  al.,  1993).  YY-1  regulates  the  transcription  of  many 
genes,  including  possibly  cmiyc  itself  (Riggs  et  al., 
1993).  Depending  on  the  context,  YY-1  can  serve  as  a 
repressor,  activator,  or  initiator  of  transcription.  YY-1 
associates  with  c-Myc  but  not  Max  and  the 
interaction  of  YY-1  with  c-Myc  precludes  Max 
binding  (Shrivastava  et  al.,  1993).  Additional  binding 
determinants  for  YY-1  appear  to  be  located  in  the 
biologically  dispensable  central  region  of  c-Myc.  In 
transient  cotransfection  assays,  c-Myc  inhibited  both 
the  repressor  and  the  activator  functions  of  YY-1, 
suggesting  that  one  way  c-Myc  may  act  is  by 
modulating  the  transcriptional  activities  of  YY-1.  A 
subsequent  study  provided  evidence  of  in  vivo 
interaction  and  argued  that  association  occurred 
preferentially  in  cells  expressing  higher  levels  of  c- 
Myc  (Shrivastava  et  al.,  1996).  In  addition,  the  results 
of  more  detailed  binding  experiments  implied  that  c- 
Myc  inhibited  YY-1  activity  not  blocking  its  binding 
to  DNA  but  by  competitively  inferring  with  its  ability 


to  interact  with  the  basal  transcription  factors  TBP 
and/or  TFII-B  (Shrivastava  et  al.,  1996).  Consistent 
with  physiological  interaction,  YY-1  was  shown 
recently  to  inhibit  Myc/Ras  cotransformation  (Aus¬ 
ten  et  al.,  1998).  However,  this  effect  depended  on 
DNA  binding  by  YY-1  but  not  on  interaction  with  c- 
Myc.  Therefore,  YY-1  may  also  act  indirectly  to  affect 
c-Myc  activity.  Indirect  regulation  of  c-Myc  by  YY-1 
was  further  supported  by  the  finding  that  although 
YY-1  did  not  bind  to  the  c-Myc  (TAD)  in  vitro  it  was 
able  to  inhibit  transactivation  by  a  Gal4-c-MycTAD 
chimeric  protein  in  transient  activation  assays  (Austen 
et  al.,  1998).  The  link  between  YY-1  and  c-Myc  is 
considered  further  in  the  review  by  Luscher  and 
Larsson  in  this  issue. 

A  P-2 

One  study  has  implied  direct  and  indirect  interactions 
between  the  c-Myc  CTD  and  the  transcription  factor 
AP-2  (Gaubatz  et  al.,  1995).  This  link  was  revealed  by 
the  presence  of  overlapping  binding  sites  for  AP-2  and 
c-Myc  in  the  Myc  target  genes  prothymosin-a  and 
ornithine  decarboxylase  (ODC).  AP-2  can  compete 
with  c-Myc/Max  heterodimers  for  binding  to  DNA 
and  thereby  inhibit  their  ability  to  activate  transcrip¬ 
tion  in  an  indirect  manner.  However,  AP-2  can  also 
interact  with  c-Myc  directly  via  the  CTD  of  AP-2  and 
the  b/HLH/Z  domain  of  Myc.  In  contrast,  neither 
Max  nor  Mad  bind  to  AP-2.  The  interaction  of  AP-2 
with  c-Myc  does  not  preclude  association  with  Max, 
but  it  impairs  DNA  binding  of  the  Myc/Max  complex 
and  inhibits  transactivation  by  Myc  in  the  absence  of 
an  overlapping  AP-2  binding  site.  Thus,  AP-2  acts  as 
a  negative  regulator  of  transactivation  by  Myc.  This 
mechanism  of  action  may  be  important  in  cells  where 
Mad  is  absent  or  poorly  expressed  during  develop¬ 
ment,  when  expression  of  AP-2  and  Mad  is 
nonoverlapping  (Gaubatz  et  al.,  1995;  Morriss-Kay, 
1996).  While  a  role  for  AP-2  in  the  regulation  of 
proliferation  by  c-Myc  has  not  been  reported,  AP-2 
expression  is  reported  to  inhibit  apoptosis  by  c-Myc 
(Moser  et  al.,  1997).  Thus,  AP-2  may  block  binding  of 
c-Myc/Max  to  target  genes  with  critical  roles  in 
apoptosis,  such  as  ODC  (Packham  and  Cleveland, 
1994). 

TFII-I 

Interactions  between  c-Myc  and  the  transcription 
factor  TFII-I  appear  to  be  involved  in  transcriptional 
repression  by  c-Myc  at  initiator  (Inr)  elements  which 
overlap  the  cap  site  in  many  promoters  (Li  et  al., 
1994;  Roy  et  al.,  1993a, b).  TFII-I  has  been  shown  to 
bind  independently  to  two  distinct  promoter  elements, 
the  pyrimidine-rich  Inr  site  as  well  as  E-box  sites 
which  can  be  regulated  by  c-Myc  or  the  distantly 
related  b/HLH  protein  upstream  stimulatory  factor  1 
(USFl)  (Roy  et  al.,  1997).  The  primary  structure  of 
TFII-I  reveals  novel  features  that  include  six  directly 
repeated  90  residue  motifs  that  each  possess  a 
potential  helix -loop/span-helix  homology.  These 
unique  structural  features  suggest  that  TFII-I  may 
have  the  capacity  for  multiple  protein-protein  and, 
potentially,  multiple  protein-DNA  interactions.  Con¬ 
sistent  with  this  likelihood  TFII-I  has  shown  recently 
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to  Stabilize  and  stimulate  the  transactivation  activity 
of  ternary  complexes  of  the  serum  response  factor 
(SRF)  and  the  homeobox-containing  protein  Phoxl 
(Grueneberg  et  al.,  1997).  In  vitro  binding  studies 
suggest  that  TFII-I  and  USFl  act  synergistically  to 
activate  transcription  through  both  Inr  and  the  E-box 
elements  of  the  adenovirus  major  late  promoter  (Roy 
et  al,  1997),  which  is  also  a  target  site  for  c-Myc 
(Prendergast  et  al,  1991;  Prendergast  and  Ziff,  1991). 
c-Myc  interacts  with  TFII-I  and  binds  cooperatively 
at  both  Inr  and  upstream  E-box  promoter  elements  in 
a  manner  similar  to  USFl  (Roy  et  al,  1993a). 
However,  unlike  the  case  with  USFl,  c-Myc  interac¬ 
tions  at  the  Inr  lead  to  an  inhibition  of  transcription 
initiation  by  TFII-I,  apparently  by  precluding  the 
ability  of  the  latter  to  contact  TBP  (Roy  et  al, 
1993a,b).  This  inhibition  is  selective  for  a  TFII-I- 
dependent  (as  opposed  to  TFIIA-dependent)  initiation 
pathway  and  correlates  with  the  prevention  of 
complex  formation  between  TBP,  TFII-I,  and  the 
promoter  (Roy  et  al,  1993a).  Not  all  genes  repressed 
by  c-Myc  have  Inr  sequences,  but  for  those  that  do 
the  ability  of  c-Myc  to  interfere  with  TFII-I  seems  the 
mostly  likely  mechanism  of  action. 

BRCA-1 

Using  the  central  region  of  the  familial  breast  tumor 
suppressor  BRCAl  as  bait  in  a  two  hybrid  screen  the 
c-Myc  CTD  was  identified  as  a  BRCAl -interacting 
protein  (Wang  et  al,  1998).  BRCAl  associated  with 
c-Myc  in  in  vitro  binding  assays  and  association 
between  endogenous  proteins  was  documented  in 
mammalian  cells.  An  intact  HLH  region  was 
required  in  c-Myc  for  efficient  association  with 
BRCAl  and  specificity  was  argued  by  the  inability 
of  Max  to  interact  similarly  with  BRCAL  Consistent 
with  association  in  cells,  overexpression  of  BRCAl 
selectively  repressed  c-Myc-mediated  transactivation 
and  inhibited  Ras  cotransformation  of  embryonic 
fibroblasts  by  c-Myc  but  not  by  SV40  T  antigen. 
Thus,  BRCAl  may  act  in  part  by  regulating  the 
oncogenic  potential  of  c-Myc,  providing  a  molecular 
explanation  for  some  of  the  biological  effects  of  the 
BRCAl  gene  product  (Wang  et  al,  1998).  A  role  in 
governing  apoptosis  by  c-Myc  might  be  entertained 
since  the  lethality  of  BRCAl  nullizygous  mice  can  be 
rescued  in  a  p53  or  nullizygous  background 

(Hakem  et  al,  1997)  and  p53  elevation  can  sensitize 
cells  to  the  cytotoxic  effects  of  c-Myc  (Hermeking 
and  Eick,  1994;  Wagner  et  al,  1994).  Another 
possibility  is  suggested  by  studies  indicating  a  role 
for  BRCAl  in  transcription-coupled  DNA  repair 
(Bertwistle  and  Ashworth,  1998;  Gowen  et  al,  1998; 
Scully  et  al,  1997b).  Activation  of  BRCAl  following 
DNA  damage  (Scully  et  al,  1997a)  might  promote 
cell  cycle  arrest  and/or  repair  in  part  by  inhibiting  c- 
Myc/Max  interaction  or  DNA  binding.  Further 
investigation  is  needed  to  determine  how  BRCAl 
interaction  might  regulate  the  physiological  functions 
of  c-Myc. 

Miz-l 

The  zinc  finger  protein  Miz-l  was  identified  in  a  two 
hybrid  screen  for  proteins  that  could  interact  with  the 
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c-Myc  CTD  (Peukert  et  al,  1997).  Miz-l  has  in 
addition  to  its  zinc  fingers  a  POZ  domain  that 
functions  as  a  transcriptional  repression  function. 
Domain  mapping  revealed  that  interaction  required 
the  HLH  domain  of  c-Myc  and  an  amphipathic  helix 
in  the  C-terminus  of  Miz-l.  Neither  Max  nor  USF 
interacted  with  this  protein.  Miz-l  binds  initiator 
elements  at  the  adenovirus  major  late  and  cyclin  D1 
promoters,  each  of  which  are  genetic  targets  of  c-Myc 
(Philipp  et  al,  1994;  Prendergast  and  Ziff,  1991),  and 
activates  transcription  from  both  promoters.  Miz-l 
has  a  potent  growth  arrest  function.  Expression  of  c- 
Myc  inhibits  transactivation  and  overcomes  Miz-1- 
induced  growth  arrest  in  manner  dependent  on  c-Myc/ 
Miz-l  association  and  on  the  integrity  of  the  POZ 
domain,  suggesting  that  binding  to  c-Myc  activates  a 
latent  repressive  function  of  this  domain.  Notably, 
Miz-l  is  a  cytosolic  protein  whose  association  with  c- 
Myc  mediates  nuclear  localization.  Fusion  of  a 
nuclear  localization  signal  to  Miz-l  induces  nuclear 
transport  and  impairs  the  ability  of  c-Myc  to 
overcome  Miz-l -dependent  transcriptional  activation 
and  growth  arrest.  Although  the  transcriptional 
targets  of  Miz-l  are  undefined,  a  possible  role  for 
Miz-l  has  been  recently  reported  as  a  stabilizer  of 
Myc  against  ubiquitin-mediated  proteolysis  (Salghetti 
et  al,  1999). 


The  mysteries  concerning  the  exact  function(s)  of 
Myc  are  lodged  in  its  NTD.  This  part  of  c-Myc 
spans  ~  1 50  N-terminal  residues  and  constitutes  the 
second  biologically  essential  region  of  c-Myc  in 
addition  to  the  CTD.  c-Myc  is  unusual  in  that  its 
messenger  RNA  encodes  two  polypeptide  species, 
one  of  which  is  derived  from  a  non- AUG 
translation  initiation  site  that  results  in  a  short  N- 
terminal  extension  relative  to  the  shorter  AUG- 
initiated  species  (Hann  et  al,  1988).  Interestingly, 
the  longer  form  (which  is  disrupted  in  certain 
cancers  (Hann  et  al,  1988)  has  different  DNA 
binding  properties  that  allow  it  to  recognize  and 
activate  transcription  from  a  non-E-box  site  (Hann 
et  al,  1994),  the  antisense  sequence  of  which  was 
actually  originally  identified  as  a  Myc  binding  site  in 
a  study  assessing  a  putative  but  controversial  role 
for  c-Myc  in  DNA  replication  (Iguchi-Ariga  et  al, 
1987).  How  the  N-terminal  extension  on  the  NTD 
influences  the  DNA  binding  properties  of  c-Myc  is 
not  understood. 

The  NTD  includes  two  short  sequence  motifs  of 
<20  aa  that  are  highly  conserved  among  Myc  family 
proteins,  termed  the  Myc-homology  Box  1  (MBl)  and 
Box  2  (MB2),  which  are  located  at  approximately  aa 
42-65  and  130-143  in  human  c-Myc,  respectively  (aa 
below  also  refer  to  human  c-Myc;  see  Figure  1  for 
reference).  MBl  is  the  major  site  of  in  vivo 
phosphorylation  events  that  regulate  transcription 
and  transformation  and  it  is  a  hotspot  for  mutation 
in  cancer  (reviewed  in  Henriksson  and  Liischer,  1996; 
Prendergast,  1997).  In  particular,  T58  and  S62  within 
the  MBl  region  are  phosphorylated  in  a  cell  cycle- 
dependent  manner,  possibly  by  certain  CDKs,  MAPK, 
and/or  GSK-3p  (Gupta  et  al,  1993;  Haas  et  al,  1997; 
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Lutterbach  and  Hann,  1994;  Seth  et  al.,  1993;  Sterner 
et  al.,  1996).  S62  appears  to  be  play  a  positive  role 
since  its  mutation  drastically  reduces  transforming 
activity  (Henriksson  et  aL,  1993;  Lutterbach  and 
Hann,  1994).  In  contrast,  T58  appears  to  be  a 
negative  regulatory  site  which  it  is  frequently  mutated 
in  Burkitt’s  lymphomas  and  retroviral  myc  genes 
(Bhatia  et  al.,  1993;  Henriksson  et  a!.,  1993; 
Lutterbach  and  Hann,  1994;  Papas  and  Lautenber- 
ger,  1985;  Showe  et  al,  1985;  Yano  et  al.,  1993). 
Interestingly,  T58  is  also  a  site  for  glycosylation, 
although  the  functional  meaning  of  this  event  is 
unclear  (Chou  et  al.,  1995).  MB2  encodes  the  most 
hydrophobic  part  of  Myc,  so  it  is  likely  to  be  either  a 
core  organizer  for  the  NTD  fold  or  an  interaction 
motif  that  is  not  constitutively  exposed  to  a 
hydrophilic  environment.  A  combination  of  mutagen¬ 
esis  and  structure-function  analysis  has  identified  two 
TADs  in  the  NTD,  one  of  which  is  located 
immediately  upstream  of  MBl  (aal-41)  and  the 
second  of  which  is  located  upstream  and  overlapping 
with  MB2  (aa  103-144)  (Prendergast,  1997).  MBl 


and  sequences  immediately  downstream  (aa  42-91) 
have  little  activation  or  repression  activity,  suggesting 
that  MBl  is  the  key  part  of  a  regulatory  or  effector 
region  which  controls  or  is  controlled  by  adjacent 
regions.  Interestingly,  sequences  in  the  MB2-over- 
lapping  TAD  are  conserved  in  particular  Myc  family 
proteins  in  evolution  (e.g.  in  c-Myc  or  N-Myc),  but 
they  diverge  between  different  family  members 
(approximately  aa  100-130).  This  suggests  that  some 
nonredundant  function(s)  of  the  Myc  family  is 
encoded  by  this  region.  An  important  repression 
element  lies  between  MBl  and  the  MB2  TAD 
(aa  92-106)  and  a  second  overlaps  MB2  itself 
(Prendergast,  1997).  Both  MBl  and  MB2  are 
important  for  Myc  biology  but  MB2  is  completely 
essential  (Brough  et  al.,  1995;  Evan  et  al.,  1992;  Li  et 
al.,  1994;  Stone  et  al.,  1987).  In  recent  years,  as 
attention  has  shifted  to  the  NTD  in  functional 
analysis  of  Myc  proteins,  attention  has  been  focused 
on  MBl  and  MB2  as  crucial  elements  for  protein- 
protein  interaction  because  of  their  key  biological 
roles. 
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Figure  1  c-Myc  structure  and  regions  implicated  in  protein-protein  interaction.  The  structure  of  human  c-Myc  structure  is 
depicted.  Functionally  critical  phosphorylation  sites  at  S62  and  T58  in  MBl  arc  shown  by  circled  P.  Black  bars  depict  the  extent  of 
regions  implicated  in  interactions  with  the  Myc-binding  proteins  listed.  *YY-1  may  affect  c-Myc  indirectly  as  well  as  possibly 
directly;  **N-Myc  CTD  was  used  as  bait  to  identify  Nmi  although  c-Myc  and  N-Myc  both  interact  (sec  text).  NTD,  N-tcrminal 
domain;  CTD,  C-terminal  domain;  MBl  and  MB2,  Myc  boxes:  NLS,  nuclear  localization  signal;  HLH,  helix -loop -helix  fold;  LZ, 
leucine  zipper 


Two  first  proteins  to  be  identified  as  candidates  for 
NTD  interaction  were  the  transcription  factor  TBP 
and  the  retinoblastoma  (Rb)  family  protein  pi 07 
(Beijersbergen  et  al.,  1994;  Gu  et  al,  1994;  Hateboer 
et  al,  1993).  More  recently,  a-tubulin  and  the  adaptor 
proteins  Binl,  TRRAP,  Pam,  MM-1,  and  AMY-1 
have  been  identified  as  NTD-binding  proteins.  The 
identification  and  analysis  of  NTD-interacting  proteins 
had  been  impeded  by  problematic  biochemical  aspects 
of  c-Myc,  which  is  difficult  to  express  recombinantly 
and  is  so  recalcitrant  to  isolation  in  its  native  form 
that  its  in  vivo  DNA  binding  properties  were  reliably 
documented  only  quite  recently  (Sommer  et  al.,  1998), 
Furthermore,  the  NTD  is  a  strong  transactivator  in 
yeast,  ruling  out  straightforward  two  hybrid  screens. 
However,  these  barriers  were  eventually  surmounted, 
resulting  in  the  recent  progress  to  identify  NTD- 
binding  proteins.  One  surprising  theme  that  has 
emerged  is  that  none  of  the  proteins  identified  to 
date  encode  ‘classical’  transcriptional  coactivator  or 
corepressor  proteins  that  might  have  been  anticipated 
based  on  earlier  progress  on  the  Mad-Max  system. 
However,  given  that  Myc  appeared  later  in  evolution 
than  Mad  or  Max,  one  might  expect  a  baroque 
quality  or  at  least  lack  of  symmetry  to  the  NTD 
network  based  on  expectations  from  study  of  the 
CTD  network.  Indeed,  the  recent  advances  suggest 
that  the  NTD-based  Myc  network  integrates  tran¬ 
scriptional  functions  with  other  functions  concerning 
cell  cycle  transit,  chromatin  modeling,  and  apoptosis 
or  cell  fate  signaling. 


The  identification  of  pi 07  as  an  NTD-interacting 
protein  was  cued  by  evidence  of  biological  parallels 
in  how  c-Myc  and  adenovirus  El  A  caused  cell 
transformation  in  collaboration  with  activated  Ras 
(Land  et  al,  1983;  Ralston,  1991;  Ruley,  1983).  The 
interactions  between  El  A  and  the  retinoblastoma 
protein  (Rb)  and  p300/CBP  that  were  required  for 
cell  transformation  by  that  oncoprotein  immediately 
suggested  that  c-Myc  may  have  similar  interactions. 
Early  evidence  that  c-Myc  and  Rb  could  interact  in 
vitro  (Rustgi  et  al.,  1991)  were  not  confirmed  in  vivo, 
although  a  later  study  provided  evidence  of  indirect 
interaction  between  these  proteins  (Adnane  and 
Robbins,  1995).  Subsequent  investigations  of  the 
Rb-related  protein  pi 07  revealed  evidence  of  in  vivo 
interaction  with  c-Myc  and  inhibition  of  its 
transactivating  properties  (Beijersbergen  et  al.,  1994; 
Gu  et  al.,  1994).  The  so-called  ‘pocket’  domain  of 
pi 07  binds  to  the  Myc  NTD,  requiring  especially  the 
MB2  region  (Hoang  et  al.,  1995).  pi 07  in  complex 
with  cyclin  A/CDK2  kinase  has  been  reported  to 
inhibit  cell  cycle-dependent  phosphorylation  of  MBl 
in  vitro  (Hoang  et  al,  1995),  suggesting  that  c-Myc 
could  be  a  downstream  target  of  pi 07.  In  addition, 
pi 07  has  been  reported  to  mediate  inhibition  of  c- 
Myc  transactivation  and  transformation  by 
pl6INK4a  (Haas  et  al.,  1997).  Thus,  the  phosphor¬ 
ylation  status  of  pi 07  which  is  achieved  by  the 
balance  between  pl6INK4a  and  cyclin  D/CDK4 


Figure  2  c-Myc  lies  at  the  intersection  of  CTD  and  NTD  networks.  The  CTD  includes  the  b/HLH/Z  domain  which  interacts 
with  the  Max  network  and  the  other  factors  indicated.  The  NTD  includes  the  Myc  boxes  MBl  and  MB2  which  mediate 
interactions  with  a  second  network  of  proteins  implicated  in  transcriptional  regulation,  chromatin  modeling,  and  apoptosis  (cell 
fate  regulation).  Regulatory  or  effector  proteins  are  listed  on  the  left  side  of  the  figure  and  likely  effector  proteins  listed  on  the 
right  side.  This  figure  proposes  a  dual  signal  model  in  which  TRRAP  and  Binl  mediate  proliferative  and  apoptotic  functions  of  c- 
Myc,  respectively.  c-Myc  N-terminal  domain;  CTD,  C-terminal  domain;  HATs,  histone  acetyltransferases;  HDACs,  histone 
deacetylases 
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actions  may  be  a  crucial  regulatory  determinant  of  c- 
Myc  activity  in  the  cell  cycle  (Amati  et  aL,  1998). 
However,  the  significance  of  c-Myc-pl07  association 
in  tumorigenesis  is  unclear,  since  there  is  conflicting 
evidence  for  the  antitransforming  activity  of  pi 07  in 
transformation  (Haas  et  a!.,  1997;  Prendergast,  1997) 
as  well  as  the  ability  of  Burkitt’s  lymphoma- 
associated  c-Myc  mutants  to  escape  inhibition  by 

pi 07  in  transcriptional  activation  assays  (Hoang  et 
aL,  1995;  Smith-Sorensen  et  a!.,  1996).  However, 

although  a  consensus  on  the  role  of  pi 07  in  c-Myc 
mediated  transactivation  and  cell  proliferation  has 
not  fully  emerged,  pi 07  seems  likely  to  be  an 

important  regulator  of  c-Myc  function  during  the 
cell  cycle.  The  fact  that  pi 07  is  not  mutated  in 

cancer,  like  Rb,  suggests  that  loss  of  this  regulatory 
function  is  not  crucial  to  deregulation  of  c-Myc  in 
cancer  cells,  however.  This  negative  evidence  as  well 
as  the  lack  of  a  role  for  pi 07  in  apoptosis,  another 
function  of  c-Myc,  suggested  that  other  important 
NTD-binding  proteins  should  exist  to  control  and 
mediate  the  proliferative  and  proapoptotic  properties 
of  c-Myc. 


TBP 

In  vitro  binding  between  TBP  and  c-Myc  has  been 
described  (Hateboer  et  aL,  1993)  but  in  vivo 
confirmation  of  this  result  has  not  been  reported. 
Still,  TBP  interaction  may  have  some  in  vivo 
relevance,  since  several  c-Myc-interacting  proteins 
have  been  found  to  interact  with  TBP  and  c-Myc 
has  been  observed  to  influence  these  interactions  in 
vitro  and  in  vivo.  The  CTD-binding  proteins  YY-1  and 
TFII-I  both  interact  tightly  with  TBP  and  through 
different  domains  with  c-Myc  (Roy  et  aL,  1993a, b; 
Shrivastava  et  aL,  1996),  although  TBP  was  reported 
to  bind  to  c-Myc  relatively  weakly  (Roy  et  aL,  1993a). 
Notably,  c-Myc  blocked  transcriptionally  productive 
interactions  between  TBP  and  YY-1  or  TFII-I, 
consistent  with  the  possibility  that  c-Myc  contacts 
TBP  in  some  way.  Lastly,  the  NTD-binding  protein 
Binl  has  been  observed  to  bind  to  TBP  in  vitro  via  a 
region  which  is  proximal  to  critical  determinants  for  c- 
Myc  binding  (Elliott  et  aL,  1999).  Further  investiga¬ 
tions  are  required  to  determine  whether  interaction 
between  the  c-Myc  NTD  and  TBP  are  physiologically 
relevant  or  not. 


OL-tuhuIin 

One  line  of  investigation  has  led  to  the  finding  that  c- 
Myc  can  associate  with  a-tubulin  and  polymerized 
microtubules  in  cells  (Alexandrova  et  aL,  1995).  This 
finding  was  prompted  by  observations  that  c-Myc 
shifts  its  localization  to  the  cytosol  in  some  cells  as 
they  exit  the  cell  cycle  (Vriz  et  aL,  1992),  along  with 
evidence  that  tubulin  is  responsible  for  the  cytoplasm- 
to-nucleus  translocation  of  certain  proteins  (Alexan¬ 
drova  et  aL,  1995).  c-Myc  interacted  with  a-tubulin  and 
microtubules  in  both  in  vitro  binding  experiments  and 
in  vivo  immunoprecipitation  and  colocalization  assays. 
The  MBl-containing  region  from  aa  48-134  was 
implicated  in  mediating  the  interaction.  While  the  role 


of  tubulin  interaction  is  undetermined  at  this  point,  the 
results  of  this  study  are  consistent  with  the  hypothesis 
that  microtubules  may  aid  in  subccllular  trafficking  of 
c-Myc  that  occurs  under  certain  circumstances 
(Lemaitre  et  a!.,  1996). 

Binl 

MBl  was  used  in  the  two  hybrid  screen  which 
identified  the  adaptor  protein  Binl  (Sakamuro  et  aL, 
1996).  MBl  was  chosen  as  an  NTD  bait  because  it 
was  known  to  be  displayed  on  the  surface  of  native  c- 
Myc  protein  (since  in  vivo  phosphorylation  occurred 
there);  had  a  potentially  important  negative  role  in 
cancer  (since  it  was  mutated  in  malignant  cells);  and 
was  nontransactivating  in  yeast.  Binl  is  a  nucleocyto- 
plasmic  adaptor  protein  which  is  in  excess  to  c-Myc  in 
cells.  Although  MBl  was  used  to  identify  Binl  in 
yeast,  the  biochemical  association  of  Binl  with  full- 
length  c-Myc  also  requires  MB2  (Sakamuro  et  aL, 
1996).  Consistent  with  dependence  on  MBl  and  MB2, 
Binl  functionally  associates  with  c-Myc  in  cells  and 
selectively  inhibits  its  oncogenic  and  transactivation 
properties  in  a  binding  domain-dependent  manner 
(Elliott  et  aL,  1999;  Sakamuro  et  aL,  1996).  In  Ras 
cotransformation  assays  Binl  suppressed  focus  forma¬ 
tion  by  c-Myc  and  deletion  of  the  c-Myc  binding 
domain  (MBD)  relieved  suppression.  Transformation 
by  El  A,  HPV  E7,  and  mutant  p53,  but  not  SV40  T 
antigen  were  also  susceptible  to  suppression  by  Binl 
via  an  MBD-independent  mechanism.  Instead,  Binl 
suppression  required  different  domains  which  are 
dispensable  to  bind  Myc  or  suppress  Myc  transforma¬ 
tion.  Taken  together,  the  results  suggested  that  Binl 
could  inhibit  growth  mediated  either  by  deregulation 
of  the  c-Myc  or  the  Rb/E2F  systems  (Elliott  et  aL, 
1999;  Sakamuro  et  aL,  1996).  Structure-function 
analysis  identified  a  possible  effector  region,  termed 
BAR-C,  that  was  not  involved  in  c-Myc  binding  but 
was  indispensable  to  suppress  Myc  transformation  and 
tumor  cell  growth  (Elliott  et  af.,  1999).  Binl  selectively 
suppressed  transactivation  of  artificial  promoters 
responsive  to  Myc/Max  or  Gal4-Myc  as  well  as 
natural  Myc-regulated  promoters,  including  those  of 
the  ODC  and  a-prothymosin  (pT)  genes.  MBD  was 
required  for  suppression  of  Myc  activation  of  ODC 
not  a-pT,  suggesting  that  Binl  may  act  by  more  than 
one  mechanism  (Elliott  et  al.,  1999).  Consistent  with 
this  possibility,  the  MBD  could  associate  with  TBP  in 
vitro  and  Gal4-Binl  fusion  proteins  recruited  a 
repression  function  unrelated  to  histone  deacctylases 
in  a  manner  independent  of  the  MBD  (Elliott  et  aL, 
1999).  A  determination  of  the  physiological  role  of 
Binl  in  transcription,  if  any,  requires  further 
investigation. 

Binl  has  several  features  of  a  tumor  suppressor. 
The  human  Binl  gene  (Wechsler-Reya  et  al.,  1997)  is 
located  at  chromosome  2ql4  (Negorev  et  a!.,  1996), 
which  lies  within  a  hotspot  for  deletion  in  metastatic 
prostate  cancers  (Cher  et  al.,  1996).  Loss  of  an 
adaptor  protein  that  suppresses  the  oncogenic  proper¬ 
ties  of  c-Myc  may  be  important  in  prostate  cancer 
since  c-Myc  deregulation  is  among  the  most  frequent 
events  in  this  malignancy  (Bova  and  Isaacs,  1996).  A 
recent  study  provided  evidence  of  loss  of  hetero¬ 
zygosity  at  the  Binl  locus  in  40%  of  genomic  DNAs 


from  matched  samples  of  DNA  from  cases  of  normal 
and  malignant  prostate  but  not  bladder  tissue.  Bin!  is 
missing  or  epigenetically  altered  in  >50%  primary 
breast  and  prostate  tumors  and  cell  lines  and  also  in 
malignant  melanoma  (Ge  et  ah,  manuscript  sub¬ 
mitted).  Reintroduction  of  the  wild-type  gene  inhibits 
the  growth  of  tumor  cell  lines  lacking  endogenous 
Binl  but  not  in  cells  expressing  wild-type  Binl; 
growth  inhibition  is  due  to  apoptosis  (Sakamuro  et 
al,  1996;  Ge  et  al,  manuscript  submitted;  Elliot  et  al., 
manuscript  in  preparation).  Similar  to  other  tumor 
suppressors  Binl  is  necessary  for  myoblast  differentia¬ 
tion,  where  it  acts  at  an  early  step  before  p21'^^*'^ 
elevation  (Mao  et  al.,  1999;  Wechsler-Reya  et  aL, 
1998).  Interestingly,  during  differentiation  of  myo¬ 
blasts,  smooth  muscle,  and  keratinocytes,  Binl  is 
relocalized  from  mainly  nuclear  sites  to  mainly 
cytosolic  sites  (Wechsler-Reya  et  al.,  1998;  GC 
Prendergast,  unpublished  observations).  Binl  interac¬ 
tion  with  c-Myc  in  myoblasts  might  provide  an 
explanation  for  recent  results  suggesting  that  c-Myc 
blocks  differentiation  in  manner  separate  from  its  cell 
proliferative  effects  (Ryan  and  Birnie,  1997b),  similar 
to  ElA  (Frisch,  1997). 

Investigations  to  identify  the  basis  for  Binl  action 
indicate  that  it  has  a  necessary  role  in  the 
mechanism  by  which  c-Myc  activates  apoptosis 
(Sakamuro  et  al.,  manuscript  submitted).  In  primary 
chick  fibroblasts,  where  c-Myc  is  sufficient  to  drive 
transformation  or  apoptosis,  expression  of  antisense 
or  dominant  inhibitory  Binl  genes  slightly  enhanced 
cell  proliferation  and  anchorage-independent  growth 
but  greatly  reduced  the  susceptibility  of  cells  to  c- 
Myc-induced  apoptosis  elicited  by  serum  deprival.  A 
requirement  for  Binl  interaction  in  apoptosis  was 
implied  by  the  finding  that  overexpression  of  the 
MBD,  which  dominantly  interferes  with  the  c-Myc- 
Binl  interaction,  rendered  cells  resistant  to  Myc- 
induced  apoptosis  (Sakamuro  et  al,  manuscript 
submitted).  In  a  baby  rat  kidney  (BRK)  epithelial 
system  where  c-Myc  can  drive  p53-independent 
apoptosis  (Sakamuro  et  al.,  1995),  inhibition  of 
Binl  promoted  cell  proliferation  and  stanched  cell 
death.  Notably,  Binl  inhibition  masked  the  cytotoxic 
effects  of  Myc  to  a  degree  that  was  similar  to  Bcl-2 
and  that  was  sufficient  to  support  cell  outgrowth 
under  suboptimal  growth  factor  conditions.  Over¬ 
expression  of  Binl  did  not  kill  IMR90  human 
diploid  fibroblasts,  but  did  kill  tumor  cells  lacking 
endogenous  Binl  where  c-Myc  was  deregulated.  The 
anti  transforming  effects  of  Binl  against  c-Myc  in 
Ras  cotransformation  assays  may  be  based  on 
switching  the  balance  of  Myc  signaling  to  a 
proapoptotic  effector,  because  overexpression  of  the 
MBD  appears  to  both  promote  transformation  and 
proliferation  and  reduce  apoptosis  in  cells  where  c- 
Myc  is  overexpressed.  Taken  together,  these  results 
strongly  support  the  ‘dual  signal’  model  for  Myc 
function  and  suggest  that  Binl  is  an  adaptor-effector 
that  mediates  death  or  death  sensitization  signals 
from  c-Myc  (see  Prendergast,  this  issue). 

Binl  is  in  excess  to  c-Myc  in  cells  and  also  has  c- 
Myc-independent  roles  in  cell  regulation  modulated  by 
alternate  splicing  (Weschler-Reya  et  al.,  1997,  1998; 
Elliott  et  al.,  unpublished  observations).  Thus,  like 
most  adaptor  proteins,  Binl  probably  participates  in 
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diverse  interactions  in  the  cell.  Existing  evidence 
suggests  some  role  for  Binl  in  coordinating  cell  fate 
decisions  that  are  made  when  cells  exit  the  cell  cycle 
(e.g.  arrest  in  GO,  commit  to  differentiate,  undergo 
apoptosis,  etc.).  For  example,  as  shown  above,  if  cells 
cannot  exit  the  cell  cycle  due  to  c-Myc  deregulation, 
then  Binl  is  necessary  to  mediate  an  abortive 
apoptotic  signal.  Alternately,  if  c-Myc  is  downregu- 
lated  appropriately  and  as  a  result  cells  are  able  to 
exit  the  cell  cycle,  then  Binl  appears  to  promote  arrest 
and  differentiation  (Mao  et  al.,  1999;  Wechsler-Reya 
et  al,  1998).  Additional  information  supports  a 
complex  role  in  cells.  Binl  is  subjected  to  extensive 
alternate  splicing,  especially  in  neurons  (Butler  et  al., 

1997;  Ramjaun  and  McPherson,  1998;  Ramjaun  et  al, 

1997;  Tsutsui  et  al.,  1997;  Wechsler-Reya  et  al.,  1997), 
and  it  is  localized  to  the  cytosol  as  well  as  the  nucleus 
in  certain  cells  (Butler  et  al,  1997;  Kadlec  and 
Pendergast,  1997;  Wechsler-Reya  et  al.,  1998).  The 
terminal  regions  of  Binl  are  structurally  similar  to 
amphiphysin,  a  neuron-specific  protein  and  paraneo¬ 
plastic  autoimmune  antigen  in  breast  and  lung  cancer 
(David  et  al.,  1994;  Dropcho,  1996),  and  to  RVS167 
and  RVS161,  two  negative  regulators  of  the  cell  cycle 
in  yeast  (Bauer  et  al,  1993;  Crouzet  et  al.,  1991). 
Amphiphysin  and  brain- specific  splice  forms  of  Binl, 
also  termed  amphiphysin  II  or  amphiphysin  isoform, 
have  been  implicated  in  receptor-mediated  endocytosis 
(David  et  al,  1996;  Owen  et  al.,  1998;  Wigge  et  al., 

1997).  RVS167  and  RVS161  have  been  implicated  in 
endocytosis  and  karyogamy  (Brizzio  et  al.,  1998; 

Munn  et  al.,  1995).  However,  nonneuronal  splice 
forms  of  Binl  are  unlikely  to  be  involved  in 
endocytosis,  because  only  neuronal  splice  forms 
include  exons  which  encode  clathrin-binding  determi¬ 
nants  needed  for  localization  to  endocytotic  vesicles 
(Ramjaun  and  McPherson,  1998).  It  is  hypothesized 
that  the  endocytosis  connection  in  neurons  reflects  the 
link  between  survival  and  the  achievement  of  a 
differentiated  and  synaptically  active  state  in  those 
cells,  which  would  be  associated  with  neuro transmitter 
release  and  hence  membrane  trafficking.  Recently,  the 
nuclear  tyrosine  kinase  c-Abl  was  shown  to  associate 
with  but  not  to  phosphorylate  Binl  in  cells  (Kadlec 
and  Pendergast,  1997).  Association  of  c-Abl  with  Binl 
is  mediated  by  its  SH3  domain,  which  is  dispensable 
for  association  with  c-Myc  (Elliott  et  al.,  1999; 
Sakamuro  et  al.,  1996).  How  c-Abl  and  Binl 
influences  each  other’s  actions  in  cell  fate  decisions 
remains  to  be  determined.  In  summary,  Binl  is  a 
nucleocytoplasmic  cell  fate  adaptor  with  an  important 
role  in  mediating  apoptosis  and  possibly  other  cell  fate 
decisions  influenced  by  c-Myc.  Continued  investiga¬ 
tions  of  Binl  may  open  up  new  vistas  on  Myc 
function. 

MM-1 

MM-1  (Myc  Modulator- 1)  was  identified  in  a  two 
hybrid  screen  for  proteins  that  could  interact  with  the 
entire  c-Myc  protein  (Mori  et  al.,  1998).  MM-1  is  a 
nucleocytoplasmic  protein  that  is  ubiquitously  ex¬ 
pressed  in  normal  tissues.  Evidence  that  MM-1 
interacted  with  c-Myc  derived  from  extensive  yeast 
and  mammalian  two-hybrid  assays  and  in  vitro  GST 
binding  assays.  Deletion  analyses  showed  that  most  of 
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the  MM-1  protein  and  a  segment  of  the  c-Myc  NTD 
encompassing  MB2  (aa  104-166)  were  necessary  for 
protein-protein  association.  It  was  not  determined 
whether  the  a  leucine  zipper  in  the  N-terminus  of 
MM-1  was  required  for  formation  of  homo-  or 
hetero-dimers  via  this  motif.  MM-1  suppressed  the 
transcriptional  activation  by  c-Myc  in  a  dose- 
dependent  manner,  consistent  with  functional  interac¬ 
tion  in  cells.  Inhibitory  effects  of  MM-1  on  c-Myc- 
dependent  cell  proliferation  have  also  been  observed 
(H  Ariga,  personal  communication).  It  should  be 
noted  that  MM-1  binds  to  Myc  NTD  via  MB2  region 
that  is  critical  for  Myc  transformation.  Thus,  MM-1 
may  compete  for  binding  to  c-Myc  with  TRRAP,  a 
second  recently  identified  MB2-binding  protein  that 
promotes  Myc  transformation.  Interestingly,  MM-1 
may  be  a  human  homolog  of  GIM5,  a  subunit  in  a 
complex  which  promotes  the  formation  of  functional 
a-tubulin  and  y-tubulin.  This  link  reinforces  the  idea 
that  c-Myc  may  associate  with  tubulin  toward  some 
functional  end  in  cells.  Further  analysis  concerning  the 
effect  of  MM-1  on  the  transforming  and  apoptotic 
properties  of  c-Myc  and  of  the  structure  and 
expression  of  the  human  MM-1  gene  in  primary 
tumor  cells  would  advance  the  significance  of  MM-1 
to  Myc  function,  especially  in  cancer. 


TRRAP 

One  of  the  pressing  issues  regarding  Myc  function  is 
how  transcriptional  activation  and  repression  is 
mediated  by  the  NTD.  In  addition,  the  exact  means 
by  which  the  NTD  acts  to  stimulate  cell  proliferation 
and  malignant  transformation  has  been  obscure  since 
the  discovery  of  c-Myc  in  the  1980s.  Rapid  advances 
in  the  study  of  the  Mad-Max  system  revealed  that 
Mad  suppressed  transcription  of  target  genes  through 
interaction  with  the.  corepressor  protein  mSin3,  which 
recruits  histone  deacetylases  that  mediate  gene 
repression  (Schreiber-Agus  and  DePinho,  1998). 
Given  the  ability  of  c-Myc  to  activate  transcription 
it  was  widely  anticipated  that  c-Myc  would  recruit 
histone  acetylases  in  some  manner,  but  evidence  of 
this  was  not  forthcoming.  An  apparent  recent  break¬ 
through  regarding  this  issue  is  the  discovery  of  the 
ATM-related  MB2-dependent  c-Myc  binding  protein 
TRRAP  (TRansformation/tRanscription-domain-As- 
sociated  Protein)  (McMahon  et  a!.,  1998).  TRRAP 
was  purified  biochemically  by  using  DNA-bound 
Gal4-Myc  fusion  proteins  as  an  affinity  matrix  and  a 
Gal4-MycAMB2  protein  lacking  the  MB2  region  as  a 
negative  control.  TRRAP  is  a  huge  protein  of 
>400  kD  that  is  surprisingly  devoid  of  notable 
sequence  motifs  with  the  exception  of  an  ATM 
kinase-related  domain  in  its  extreme  C-terminus. 
However,  this  domain  lacks  enzymatic  activity, 
probably  because  it  lacks  key  residues  which  are 
required  for  such  activity  in  other  ATM  family 
proteins.  Thus,  this  region  may  serve  as  a  protein- 
protein  interaction  domain,  perhaps  serving  as  an 
inhibitor  of  other  ATM  family  interactions.  By 
expressing  sense  and  antisense  fragments  of  the 
TRRAP  cDNA,  evidence  was  obtained  that  TRRAP 
was  essential  for  Ras  cotransformation  of  embryo 
fibroblasts  by  both  Myc  and  El  A.  Interestingly, 


TRRAP  is  in  excess  to  c-Myc  and  also  binds  to  the 
transactivation  domain  of  E2F1,  suggesting  a  broader 
role  in  cell  growth  and  perhaps  transcriptional 
regulation.  A  biologically  active  E2F1  mutant, 
Y411C,  which  cannot  bind  to  Rb  (which  also  binds 
the  E2F1  transactivation  domain)  still  interacts  with 
TRRAP  in  cells,  suggesting  that  TRRAP  is  an 
positive  cofactor  for  both  Myc  and  E2F  transactiva¬ 
tion  activity.  It  will  be  of  particular  interest  to 
determine  if  there  is  a  competitive  binding  relation¬ 
ship  between  TRRAP  and  negative  c-Myc  NTD 
regulators  or  effectors,  such  as  pi 07,  Binl,  or  MM- 
1,  or  in  the  case  of  E2F1,  between  TRRAP  and  Rb. 

Unlike  E2FI  and  c-Myc,  TRRAP  is  conserved  in 
evolution  to  yeast,  suggesting  a  more  general  role  in 
cell  regulation.  A  recent  study  identifies  the  yeast 
ortholog  of  TRRAP,  Tral,  as  a  component  of  the 
major  transcriptional  regulatory  complex  SAGA  (Saleh 
et  al.,  1998).  This  Tral -containing  complex  includes 
histone  acetyltransferases  and  transcription  adaptors/ 
coactivators  that  in  animal  cells  play  an  important  role 
in  the  regulation  of  enhancers  by  altering  chromatin 
structure  (Grant  et  al.,  1998).  While  the  role  of  Tral  in 
SAGA  remains  to  be  determined,  and  connections 
between  TRRAP  and  mammalian  SAGA  complexes 
must  be  confirmed,  it  seems  eminently  likely  that 
TRRAP  may  provide  the  long-awaited  linkage  between 
c-Myc  and  a  bonified,  histone  acetylasc-containing 
transcriptional  complex.  Continued  investigations 
would  seem  likely  to  give  fundamental  insights  into 
how  c-Myc  controls  transcriptional  activation,  repres¬ 
sion,  or  both,  through  interactions  with  TRRAP  and 
probable  recruitment  of  SAGA.  At  this  point,  the 
simplest  hypothesis  would  be  that  the  recruitment  of 
histone  acetyltransferase  activity  to  c-Myc/Max  bind¬ 
ing  sites  via  TRRAP  would  lead  to  proximal  chromatin 
remodeling  and  the  recruitment  of  basal  transcription 
complexes. 


Pam 

A  similar  GST  fusion  technique  to  generate  soluble  c- 
Myc  NTD  was  used  for  expression  screening  of  a 
phage  library  to  obtain  Pam  (Protein  Associated  with 
Myc)  (Guo  et  al.,  1998).  Pam  is  another  huge  NTD- 
binding  protein  with  a  MW  >  500  kD.  Through  in 
vitro  and  in  vivo  binding  assays  Pam  was  shown  to 
associate  with  c-Myc  but  not  with  N-Myc.  The 
region  implicated  was  aa  107-154,  spanning  the 
region  mentioned  above  where  there  is  evolutionarily 
conservation  within  a  single  protein  but  divergence 
among  family  members  (aa  100-  130).  Thus,  it  is 
tempting  to  speculate  that  Pam  may  have  a  function 
that  is  specific  for  c-Myc.  The  functional  relevance  of 
Pam  in  Myc  biology  has  not  yet  been  assessed. 
However,  a  notable  feature  of  Pam  is  the  two  regions 
it  contains  which  arc  similar  to  RCCl,  the  nuclear 
regulator  of  the  cell  cycle  and  chromatin  condensa¬ 
tion.  RCCl  is  a  guanine  nucleotide  exchange  protein 
(GEF)  for  the  small  nuclear  Ras  superfamily  protein 
Ran,  which  regulates  traffic  through  the  nuclear  pore. 
It  will  be  interesting  to  explore  possible  roles  for  the 
Myc/Pam  complex  in  chromatin  modeling,  given  the 
role  of  RCCl  in  controlling  the  onset  of  chromosome 
condensation  (Ohtsubo  et  al.,  1989),  or  in  RNA 
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transport,  since  Ran  mediates  this  process  and  c-Myc 
also  regulates  gene  expression  at  some  nuclear 
posttranscriptional  level  other  than  splicing  (Pre- 
ndergast  and  Cole,  1989).  Analysis  of  Pam  may 
open  up  new  vistas  on  Myc  regulation  or  Myc 
function. 

AMY-1 

Another  novel  protein  that  interacts  with  the  c-Myc 
NTD  is  Amy-1  (Associate  of  c-MYc-1)  (Taira  et  ai, 
1998).  Amy-1  is  a  small  protein  of  ~11  kD  which 
physically  associates  with  c-Myc  in  cells  via  an  MB2- 
containing  determinant  within  aa  48-158.  Association 
of  Amy-1  with  c-Myc  stimulates  its  E-box-dependent 
transactivation  activity.  Amy-1  appears  to  be  sub¬ 
jected  to  alternate  splicing  since  two  types  of  messages 
encoding  so-called  Amy- IS  (short)  and  Amy-IL  (long) 
are  expressed,  both  of  which  have  the  same  open 
reading  frame  and  only  vary  in  the  amount  of  5'- 
noncoding  sequence  included.  Amy-1  expression  is 
ubiquitous  but  regulated  in  a  cell  cycle-dependent 
manner,  with  its  highest  peak  in  early  S  phase.  Amy-1 
presents  another  example  of  a  cytosolic  Myc-binding 
protein  which  translocates  into  the  nucleus  at  times  of 
increased  c-Myc  expression  and  commitment  to  enter 
S  phase.  Interestingly,  Amy-1  lacking  Myc-binding 
activity  does  not  translocate  into  the  nucleus 
appropriately,  suggesting  that  its  movement  is 
dependent  upon  association  with  Myc.  Following  S 
phase,  Amy-1  returns  to  the  cytoplasm.  Binding 
experiments  suggest  that  Amy-1  only  binds  certain 
phosphorylated  forms  of  c-Myc  that  are  cell  cycle 
controlled.  It  is  hypothesized  that  Amy-1  is  recruited 
into  the  nucleus  when  c-Myc  transactivates  S  phase- 
specific  target  genes.  As  mentioned  above,  the  Myc 
CTD-binding  protein  Miz-1  also  exclusively  exists  in 
the  cytoplasm  and  c-Myc  association  mediates  nuclear 
import  of  Miz-1.  Therefore,  it  may  be  interesting  to 
see  if  there  is  any  crosstalk  between  Amy-1  and  Miz-1 
in  terms  of  cell  localization  and  Myc  transcriptional 
regulation. 


Closing  perspective 

The  role  of  c-Myc  in  transcriptional  regulation  is 
strengthened  by  the  identification  of  several  bonified 
transcription  factors  (YY-1,  TFII-I,  AP-2)  and 
adaptor  proteins  found  in  transcriptional  regulatory 
complexes  (TRRAP  in  SAGA)  as  factors  that 
functionally  interact  with  the  CTD  and  NTD  of  c- 
Myc.  However,  as  the  number  of  proteins  with  which 
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c-Myc  interacts  begins  to  enlarge,  it  appears  that  the 
centrality  of  c-Myc  in  cell  fate  regulation  reflects 
dynamic  interactions  with  a  wide  number  of  complex 
regulatory  and  effector  proteins.  Analyses  of  NTD 
binding  proteins  argue  that  the  primary  level  of 
complexity  to  be  understood  is  at  the  NTD  network 
rather  than  the  CTD  network,  which  is  responsible  for 
DNA  recognition.  Thus,  the  CTD  network  involves 
the  Mad-Mnt/Rox  and  Max  interactions  which 
oppose  Myc  function  by  recruiting  mSin3  recruitment 
and  closing  chromatin  via  histone  deacetylase  action, 
whereas  the  NTD  network  involves  a  host  of  proteins, 
at  least  one  of  which  is  connected  directly  to  a 
complex  containing  histone  acetylases.  Given  the 
ability  of  several  NTD  network  proteins  to  modulate 
transcription,  it  is  tempting  to  speculate  that 
activation  of  different  classes  of  target  requires  global 
regulation  mediated  by  TRRAP  and  then  specific 
regulation  that  is  dictated  by  accessory  NTD-binding 
proteins  such  as  pi 07,  Binl,  MM-1,  and  Amy-1, 
which  may  coordinate  targets  with  cell  cycle, 
apoptosis,  etc.  In  this  sense,  the  novel  NTD  network 
proteins  may  provide  valuable  tools  to  sort  out  the 
physiological  roles  of  the  growing  number  of  cellular 
genes  (currently  >30)  which  have  been  identified  as 
genetic  targets  of  c-Myc  activity  (Dang,  1999).  While 
Myc  is  certainly  a  bona  fide  transcription  factor,  its 
functions  appear  to  extend  beyond  that  of  a  classical 
transcription  factor;  the  identification  of  binding 
proteins  such  as  Binl  and  Pam  suggest  unique 
signaling  roles  for  c-Myc,  related  to  cell  fate 
determination  and  possibly  chromatin  modulation  or 
nuclear  trafficking  actions.  Analysis  of  the  NTD 
network  in  particular  seems  likely  to  breakdown  the 
enigmatic  properties  of  Myc,  possibly  providing  novel 
insights  into  basic  cell  processes  as  well  as  offering 
new  avenues  for  intervention  in  hyperproliferative 
diseases  where  c-Myc  is  involved,  most  notably  in 
cancer. 
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Much  recent  research  on  c-Myc  has  focused  on  how  it 
drives  apoptosis.  c-Myc  is  widely  known  as  a  crucial 
regulator  of  cell  proliferation  in  normal  and  neoplastic 
cells,  but  until  relatively  recently  its  apoptotic  proper¬ 
ties,  which  appear  to  be  intrinsic,  were  not  fully 
appreciated.  Its  death-dealing  aspects  have  gained  wide 
attention  in  part  because  of  their  potential  therapeutic 
utility  in  advanced  malignancy,  where  c-Myc  is 
frequently  deregulated  and  where  novel  modalities  are 
badly  needed.  Although  its  exact  function  remains 
obscure,  c-Myc  is  a  transcription  factor  and  advances 
have  been  made  in  characterizing  target  genes  which 
may  mediate  its  apoptotic  properties.  Candidate  reg¬ 
ulators  and  effectors  are  also  emerging.  Among  recent 
findings  are  connections  to  the  CD95/Fas  and  TNF 
pathways  and  roles  for  the  tumor  suppressor  pl9ARF 
and  the  c-Myc-interacting  adaptor  protein  Binl  in 
mediating  cell  death.  In  this  review  I  summarize  the 
data  establishing  a  role  for  c-Myc  in  apoptosis  in 
diverse  settings  and  present  a  modified  dual  signal 
model  for  c-Myc  function.  It  is  proposed  that  c-Myc 
induces  apoptosis  through  separate  ‘death  priming’  and 
‘death  triggering’  mechanisms  in  which  ‘death  priming’ 
and  mitogenic  signals  are  coordinated.  Investigation  of 
the  mechanisms  that  underlie  the  triggering  steps  may 
offer  new  therapeutic  opportunities. 

Keywords:  cell  death;  transformation;  cell  cycle; 
transcription;  signal  transduction 


Introduction 

c-Myc  is  a  member  of  the  Myc  family  of  b/HLH/LZ 
proteins  which  regulate  cell  proliferation  and  apopto¬ 
sis.  Expression  of  Myc  proteins  is  deregulated  in 
approximately  one-third  of  human  cancers  through  a 
variety  of  mechanisms  (Cole,  1986;  Kelly  and  Sieben- 
list,  1986;  Spencer  and  Groudine,  1991).  Overexpres¬ 
sion  of  Myc  is  especially  common  in  certain  advanced 
cancers,  such  as  hormone-independent  adenocarcino¬ 
mas  of  the  breast  and  prostate,  where  it  is  associated 
with  poor  prognosis  (Berns  et  al,  1992;  Borg  et  ai, 
1992;  Hehir  et  al.,  1993;  Kreipe  et  al.,  1993;  Shiu  et  ai, 
1993;  Watson  et  al,  1993;  Strohmeyer  and  Slamon, 
1994;  Bova  and  Isaacs,  1996;  Cher  et  ai,  1996;  Jenkins 
et  ai,  1997).  However,  since  deregulation  is  sufficient 
for  oncogenic  activation,  the  involvement  of  Myc  in 
late  stage  cancers  may  be  even  broader  than  suggested 
by  these  studies. 
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c-Myc  has  a  central  and  necessary  role  in  the 
proliferation  of  normal  cells.  Following  mitogenic 
stimulation  of  quiescent  cells,  Myc  is  rapidly  induced 
and  remains  elevated,  suggesting  that  it  is  required  for 
continuous  cell  growth.  Although  its  exact  function 
remains  unclear,  Myc  appears  to  be  needed  at  several 
points  during  the  cell  cycle  (Evan  and  Littlewood, 
1993).  Induction  of  Myc  is  sufficient  to  drive  quiescent 
cells  into  the  cell  cycle  (Eilers  et  ai,  1989),  while 
inhibition  of  Myc  can  block  mitogenic  signals  and 
facilitate  cell  differentiation  (Heikkila  et  aL,  1987;  Holt 
et  ai,  1988;  Sklar  et  aL,  1991;  Sawyers  et  aL,  1992; 
Hanson  et  aL,  1994).  Recent  reviews  have  comprehen¬ 
sively  surveyed  the  numerous  investigations  aimed  at 
understanding  how  c-Myc  drives  cell  cycle  progression, 
proliferation,  and  malignant  transformation  (Henriks- 
son  and  Liischer,  1996;  Lemaitre  et  aL,  1996;  Ryan  and 
Birnie,  1996;  Grandori  and  Eisenman,  1997;  Amati  et 
aL,  1998;  Bouchard  et  aL,  1998;  Facchini  and  Penn, 
1998;  Dang,  1999;  and  reviews  in  this  issue). 

In  the  early  1990s  Cleveland  and  Evan  and  their 
colleagues  established  definitively  that  c-Myc  can  also 
activate  apoptosis  (Askew  et  aL,  1991;  Evan  et  aL, 
1992),  a  cell  suicide  program  that  is  intrinsic  to 
metazoan  cells  (Kerr  et  aL,  1972;  Wyllie,  1993).  Toxic 
effects  of  elevated  c-Myc  expression  were  noted 
anecdotally  by  many  investigators  in  the  1980s  and 
reported  by  several  laboratories  (e.g.  see  studies  cited  in 
Packham  and  Cleveland,  1995).  However,  before 
apoptosis  became  accepted  as  a  bona  fide  cellular 
process,  the  toxicity  of  deregulated  c-Myc  was  not 
conceptualized  as  a  potential  function.  An  early  study 
by  Wyllie  and  colleagues  was  a  harbinger  of  this 
paradigm  shift  (Wyllie  et  aL,  1987).  The  capacity  of  c- 
Myc  to  drive  apoptosis  in  vitro  was  first  credibly 
established  under  growth  limiting  conditions  where  its 
expression  was  enforced  and  uncoupled  from  growth 
factor  controls.  Thus,  following  growth  factor  with¬ 
drawal,  cells  that  contain  normal  c-Myc  downregulate 
its  expression  and  exit  the  cell  cycle,  whereas  cells  where 
c-Myc  is  enforced  maintain  its  expression  and  undergo 
apoptosis  (Evan  et  aL,  1992).  A  complete  survey  of 
initial  investigations  of  the  apoptotic  properties  of  c- 
Myc  is  provided  in  three  initial  excellent  reviews  which 
helped  to  frame  the  questions,  models,  terminology,  and 
discussion  in  this  area  (Harrington  et  aL,  1994b;  Evan  et 
aL,  1995;  Packham  and  Cleveland,  1995).  Among  the 
more  important  initial  questions  were  whether  the 
death-dealing  aspect  of  c-Myc  was  due  to  an  intrinsic 
function  or  not  and  how  this  aspect  was  regulated  and 
mediated.  Here  we  consider  advances  made  on  these 
issues,  beginning  by  introducing  c-Myc,  the  basic 
machinery  of  apoptosis,  and  the  significance  of 
apoptosis  to  cancer.  The  findings  of  biological  studies 
are  outlined  and  a  modified  version  of  the  dual  signal 
model  for  c-Myc  function  is  framed.  Progress  in 
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identifying  regulatory  and  effector  mechanisms  involved 
in  apoptosis  by  c-Myc  are  surveyed  and  some  pressing 
questions  are  posed. 


c-Myc  structure  and  function 

While  its  exact  role  in  the  cell  remains  a  subject  of 
some  debate,  an  extensive  body  of  work  argues 
strongly  that  c-Myc  acts  chiefly  in  the  guise  of  a 
transcription  factor  (Henriksson  and  Luscher,  1996; 
Lemaitre  et  aL,  1996;  Prendergast,  1997;  Facchini  and 
Penn,  1998).  c-Myc  is  the  main  member  of  a 
nonredundant  family  of  Myc  proteins  that  also 
includes  N-Myc,  L-Myc,  S-Myc,  and  B-Myc.  myc 
genes  appear  to  have  arisen  relatively  late  in 
evolution  and  functional  homologs  have  not  been 
definitively  identified  in  organisms  more  primitive 
than  Drosophila  (Gallant  et  ai,  1996;  Schreiber-Agus 
et  aL,  1997).  Like  other  Myc  proteins,  c-Myc  is 
roughly  tripartite  in  organization,  with  the  crucial 
regions  needed  for  proliferation,  apoptosis,  and 
transcriptional  activities  located  in  its  terminal 
domains  (see  Figure  1).  The  C-terminal  domain 
(CTD)  includes  a  basic  domain/helix -loop -helix/ 
leucine  zipper  (b/FILH/Z)  motif  that  mediates 
oligomerization  through  the  HLH/Z  region  and 
specific  DNA  recognition  of  CACGTG  E  box  motifs 
present  in  all  target  genes  through  the  basic  domain 
(Blackwell  et  al.,  1990;  Halazonetis  and  Kandil,  1991; 
Kerkhoff  et  al,  1991;  Prendergast  and  Ziff,  1991). 
Overexpression  of  heterologous  dimers  of  the  c-Myc 
basic  region  dominantly  interfered  with  malignant 
transformation  by  c-Myc,  offering  initial  genetic 
proof  that  CACGTG  is  a  physiological  Myc 
recognition  site  (Prendergast  and  Ziff,  1991).  How¬ 
ever,  Myc  proteins  do  not  homo-oligomerize  in  cells. 
Physiological  DNA  binding  and  biological  activity 
depends  upon  hetero-oligomerization  with  Max,  a 
small,  nonredundant,  and  ubiquitously  expressed 
protein  comprised  essentially  of  a  b/HLH/Z  domain 
(Blackwood  and  Eisenman,  1991;  Prendergast  et  ai, 
1991;  Wenzel  et  a!.,  1991;  Berberich  et  ai,  1992; 
Blackwood  et  a!.,  1992;  Kato  et  ai,  1992;  Reddy  et 
al,  1992;  Ferre-D’Amare  et  al.,  1993;  Ma  et  aL, 
1993).  Phosphorylation  and  alternate  splicing  prox¬ 
imal  to  the  basic  region  inhibit  the  ability  of  Max 
homodimers  to  associate  with  DNA  in  cells 
(Berberich  and  Cole,  1992;  Prochownik  and  Van 
Antwerp,  1993;  Zhang  et  ai,  1997).  Max  association 
and  DNA  binding  are  required  for  transcriptional 
activation  of  target  genes  by  c-Myc  as  well  as  its 
ability  to  drive  proliferation,  malignant  cell  transfor¬ 
mation,  and  apoptosis  (Amati  et  ai,  1992;  Kretzner 
et  al.,  1992a,b;  Makela  et  aL,  1992;  Mukherjee  et  aL, 
1992;  Prendergast  et  aL,  1992;  Amati  et  aL,  1993a,b; 
Gu  et  aL,  1993).  Access  to  CACGTG  binding  sites  in 
target  genes  may  be  regulated  by  CpG  methylation  of 
the  central  dinucleotide  (Prendergast  and  Ziff,  1991; 
Prendergast  et  aL,  1991).  The  CTD  interacts  with 
proteins  in  addition  to  Max  including  YY-1,  AP-2, 
BRCA-1,  TFII-I,  and  Miz-1,  which  all  appear  to 
influence  DNA  binding  by  c-Myc/Max  complexes  in 
some  fashion  (see  Luscher  and  Larsson,  this  issue). 
AP-2  has  been  implicated  in  suppressing  apoptosis  by 
c-Myc  (Moser  et  aL,  1997)  but  possible  roles  for  the 


other  factors  in  cell  death  has  not  been  examined.  In 
summary,  the  CTD  is  devoted  to  specific  DNA 
recognition  by  c-Myc  and  regulation  of  its  access  to 
specific  DNA  binding  sites. 

The  N-terminal  domain  (NTD)  includes  the  tran¬ 
scriptional  activation  domain  (TAD)  of  Myc  and 
probably  other  functions.  Two  ^^20  aa  segments  in 
the  NTD  termed  Myc  boxes  1  and  2  (MBl  and  MB2) 
are  conserved  in  all  Myc  family  proteins  and  are 
crucial  for  all  biological  activities.  The  first  glimpse  of 
the  function  of  this  region  was  provided  by  the 
observation  that  the  NTD  activated  transcription 
when  fused  to  a  heterologous  DNA  binding  domain 
(Kato  et  aL,  1990).  This  initial  finding  was  later 
validated  by  demonstrations  that  the  c-Myc/Max 
complex  could  activate  transcription  from  artificial 
promoters  as  well  as  from  candidate  target  genes 
(Amati  et  aL,  1992;  Kretzner  et  aL,  1992a;  Bello- 
Fernandez  et  aL,  1993;  Benvenisty  et  aL,  1993;  Crouch 
et  aL,  1993;  Jansen-Durr  et  aL,  1993;  Reisman  et  aL, 
1993;  Wagner  et  aL,  1993a;  Gaubatz  et  aL,  1994).  The 
mechanism  through  which  the  NTD  activates  tran¬ 
scription  in  unclear.  A  good  candidate,  however,  has 
emerged  in  the  ATM-related  protein  TRRAP,  an 
NTD-binding  protein  that  is  part  of  the  SAGA 
complex  which  includes  histone  deacctylases  impli¬ 
cated  in  activation  events  (Grant  et  aL,  1998; 
McMahon  et  aL,  1998;  Saleh  et  aL,  1998).  The 
activation  activity  of  the  NTD  may  also  be  influenced 
by  interactions  with  the  retinoblastoma  (Rb)-rclated 
protein  pl07  (Beijersbergen  et  aL,  1994;  Gu  et  aL, 
1994;  Hoang  et  aL,  1995),  whose  binding  to  c-Myc  may 
be  modulated  by  cyclin  D/CDK4  phosphorylation 
(Hass  et  a!.,  1997),  or  with  the  adaptor  protein  and 
tumor  suppressor  Binl  (Sakamuro  et  aL,  1996;  Elliott 
et  al.,  1999).  The  NTD  is  also  reported  to  interact  with 
a-tubulin  (Alexandrova  et  al.,  1995),  PAM,  a  large 
protein  which  includes  RCCl-like  repeats  suggesting  a 
role  in  chromatin  regulation  (Guo  et  aL,  1998),  MM-1, 
a  nucleocytoplasmic  adaptor  protein  that  inhibits 
transactivation  by  c-Myc,  and  AMY-1,  a  small  protein 
reported  to  potentiate  the  transactivation  activity  of  c- 
Myc  (Taira  et  aL,  1998).  In  addition  to  harboring  a 
transactivation  domain,  the  NTD  also  mediates 
transcriptional  repression  (Kaddurah-Daouk  et  aL, 
1987;  Suen  and  Hung,  1991;  Yang  et  aL,  1991,  1993; 
Jansen-Durr  et  al.,  1993;  Roy  et  aL,  1993;  Li  et  aL, 
1994;  Philipp  et  aL,  1994;  Lee  et  aL,  1996;  Tikhonenko 
et  aL,  1997).  Repression  of  growth  arrest  genes  may  be 
one  way  in  which  Myc  promotes  growth  and  perhaps 
apoptosis  (Lee  et  aL,  1996).  Myc  box  2  appears  to  be 
crucial  for  repression  and  transformation  (Li  et  aL, 
1994;  Brough  et  aL,  1995;  Lee  et  aL,  1996;  Xiao  et  aL, 
1998).  Activation  is  thought  to  be  important  for  all 
biological  activities,  but  two  recent  studies  using  Rati 
fibroblasts  nullizygous  for  c-myc,  which  arc  viable  and 
replicatively  competent  but  which  proliferate  slowly 
(Mateyak  et  aL,  1997),  have  challenged  the  role  of  the 
transactivation  properties  of  c-Myc  in  cell  proliferation 
(Bush  et  aL,  1998;  Xiao  et  aL,  1998).  Roles  for  a  subset 
of  c-Myc  target  genes  implicated  in  apoptosis  are 
discussed  below.  For  a  full  listing  and  consideration  of 
the  >30  reported  target  genes  and  their  potential  roles 
in  mediating  the  various  biological  effects  of  c-Myc  the 
reader  is  directed  to  a  recent  comprehensive  review  on 
this  topic  (Dang,  1999). 


> 
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Apoptosis:  the  basic  ‘executioner’  machinery  and  key 
pathways  to  it  in  cancer 

Apoptosis  (meaning  ‘a  dropping  off)  is  an  intrinsic 
cell  suicide  program  that  is  universal  in  metazoan 
organisms.  Strictly  speaking,  apoptosis  is  defined  by 
morphological  features.  It  is  characterized  by  cell 
shrinkage,  violent  blebbing  of  the  plasma  membrane 
and  chromatin  condensation  (Wyllie,  1993).  Unlike  a 
necrotic  cell,  the  apoptotic  cell  does  not  leak  internal 
contents  and  it  does  not  induce  an  inflammatory 
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response.  The  pieces  of  the  cell  which  remain  when 
the  program  is  complete  are  termed  apoptotic 
bodies.  Many  features  of  apoptosis  are  not  so 
readily  detected  in  vivo  as  might  be  expected 
because  soon  after  the  death  program  is  engaged 
cells  are  quickly  recognized  by  macrophages  and 
engulfed.  Neighboring  cells  may  also  perform  this 
act.  Engulfment  is  triggered  by  the  appearance  of 
phosphatidylserine  on  the  outer  leaflet  of  the  plasma 
membrane  of  the  dying  cell,  a  process  which  is 
catalyzed  by  an  activated  ‘flipase’.  Apoptosis  is  a 


Cell  cycle?  Apoptosis  trigger  Cell  cycle  Transcription 

Chromatin?  Cell  fate  signals  regulation  Chromatin 
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Figure  1  Myc  structure  and  major  binding  proteins.  The  CTD  harbors  the  b/HLH/Z  motif  for  oligomerization  and  DNA  binding 
and  the  NTD  harbors  evolutionarily  conserved  ‘Myc  boxes’  1  and  2  (MBl  and  MB2).  Both  terminal  domains  are  required  to 
regulate  transcription  of  target  genes,  drive  cell  cycle  transit,  cause  malignant  transformation,  and  activate  apoptosis.  Max  is  a 
physiological  partner  for  c-Myc  that  binds  to  the  CTD  and  mediates  DNA  binding  as  a  heterodimer  with  c-Myc.  Max  is  necessary 
for  both  transformation  and  apoptosis.  Miz-1,  TFII-I,  and  other  proteins  also  associate  with  the  CTD,  MBl  is  the  target  of 
phosphorylation  by  Cdk  and  Gsk-3.  The  central  domain  between  the  NTD  and  CTD  is  largely  dispensable.  The  adaptor  protein 
Binl  and  the  ATM -related  protein  TRRAP  are  NTD-binding  proteins  implicated  in  apoptosis  and  transformation,  respectively. 
TRRAP  may  mediate  transcriptional  effects  since  it  is  part  of  the  SAGA  complex,  which  contains  histone  acetylases  that  globally 
control  chromatin  state  and  transcription,  pi 07  may  co-ordinate  c-Myc  activity  with  the  cell  cycle.  PAM  has  RCCl-like  repeats 
suggesting  a  role  in  chromatin  modeling  or  cell  cycle 
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default  which  is  engaged  unless  cells  receive  sufficient 
survival  signals  to  negate  it  (Raff,  1992). 

Key  advances  in  the  molecular  understanding  of 
apoptosis  were  realized  by  genetic  analysis  of  the 
development  of  the  soil  nematode  Caenorhahclitis 
elegans  (Ellis  et  al.,  1991).  The  lineage  and  fate  of  all 
the  somatic  cells  in  this  genetically  malleable  organism 
are  known  and  131  cells  die  by  apoptosis  during 
development.  By  analysing  mutant  nematodes  that  had 
abnormal  numbers  of  cells  Horvitz  and  colleagues  were 
able  to  clone  genes  that  controlled  cell  death  {ceci,  cell 
death  abnormal).  Three  genes  cloned  in  this  way,  ced’3, 
ced-4,  and  ced-9,  proved  to  encode  the  central 
regulatory  machinery  of  apoptosis,  sometimes  referred 
to  as  the  ‘executioner’  machinery,  which  is  conserved  in 
evolution  between  C.  elegans  and  mammals  (Yuan, 
1996).  Genetic  analysis  demonstrated  that  ced-9 
suppresses  activation  of  ced-3  by  ced-4  through  direct 
biochemical  interactions  (Metzstein  et  al.,  1998).  The 
blueprint  provided  by  C.  elegans  has  helped  guide 
mammalian  cell  studies.  Figure  2  presents  the 
components  of  the  fundamental  executioner  machin¬ 
ery  and  selected  key  pathways  which  regulate  it. 

ced-9  proved  to  be  homologous  to  the  mammalian 
protein  Bcl-2,  an  antiapoptotic  protein  cloned  from  a 
follicular  B  cell  tumor  which  locates  mainly  to  the 
outer  membrane  of  the  mitochondria  (Adams  and 
Cory,  1998).  In  mammalian  cells,  the  Bcl-2  family 
includes  antiapoptotic  members  such  as  Bcl-Xi,  and 
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proapoptotic  members  such  as  Bax,  Bak,  Bid,  and 
Bad  (Adams  and  Cory,  1998).  Current  understanding 
of  this  important  class  of  cell  survival  regulators 
suggest  that  they  control  the  status  of  the  permeability 
transition  (PT)  in  mitochondria  and  the  efflux  of  ions 
or  proteins,  most  notably  the  electron  transport 
protein  cytochrome  c  (Chao  and  Korsmeyer,  1998; 
Green  and  Reed,  1998).  Possibly  through  their  ability 
to  form  multimeric  pore-like  complexes,  antiapoptotic 
members  including  Bcl-Xi.  and  Bcl-2  are  believed  to 
inhibit  efflux  whereas  a  subset  of  proapoptotic 
members  including  Bax  are  believed  to  oppose  this 
process  and  promote  efflux  (Adams  and  Cory,  1998). 
Most  proapoptotic  members,  such  as  Bad  and  Bid, 
lack  features  suggesting  pore-forming  roles  and 
instead  have  a  single  ligand  binding  domain  (BH3 
domain)  which  may  act  by  displacing  proapoptotic 
proteins  from  antiapoptotic  partners  and  promoting 
the  pore-forming  action  of  the  former  (Kelekar  and 
Thompson,  1998).  BcI-2  family  proteins  interact  with 
each  other  and  the  ratio  of  active  proapoptotic  to 
antiapoptotic  proteins  is  a  critical  determinant  of  cell 
survival.  There  appear  to  be  preferences  for  associa¬ 
tion,  for  example,  Bcl-2/Bax  and  Bcl-X,yBad.  The 
function  of  some  Bcl-2  family  proteins  is  regulated  by 
posttranslational  phosphorylation  (Chao  and  Kors- 
meycr,  1998).  For  example,  microtubule  disrupters 
cause  Bcl-2  to  become  phosphorylated  in  tumor  cells 
by  Raf  (Blagosklonny  et  aL,  1997),  whereas  Bad  is 


Figure  2  Basic  apoptotic  machinery  and  some  regulation  relevant  to  cancer.  Key  components  of  the  basic  machinery  in 
mammalian  cells  arc  noted  in  bold  type.  Three  regulatory  pathways  germane  to  c-Myc  and  cancer  arc  indicated,  including  the  pS."!- 
Bax,  AKT-Bad  and  AKT-caspase-9,  and  Type  II  pathways  used  by  the  death  receptor  CD95  (sec  text).  Proapoptotic  signals 
produced  by  c-Myc  and  p53  may  act  at  several  levels  (sec  text).  Apoptosis  by  c-Myc  may  involve  separate  caspasc-3-dcpcndcnt  and 
caspase-independent  signals 
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downregulated  by  activation  of  the  phosphatidylinosi- 
tol-3'-kinase  (PI3'K)-Akt  kinase  cell  survival  pathway 
(Datta  et  al.,  1997). 

ced-3  was  found  to  be  similar  to  IL-lj0-converting 
enzyme  (ICE),  a  proenzyme  processing  cysteine 
protease  that  proved  to  have  proapoptotic  properties 
(Thornberry  and  Lazebnik,  1998).  The  ICE-related 
proteases,  of  which  there  are  currently  14,  are 
characterized  by  cysteine  specificity  and  have  been 
termed  caspases  (Thornberry  and  Lazebnik,  1998). 
Caspases  are  synthesized  as  inactive  precursors  and 
activated  either  by  autocleavage,  when  concentrated  at 
certain  loci  in  cells,  or  by  cleavage  by  another  caspase, 
which  in  either  case  generates  an  active  heterodimer 
composed  of  ^^lOkD  and  ^20  kD  subunits.  Cas¬ 
pases  have  long  or  short  N-terminal  prodomains. 
Those  with  long  prodomains  (regulatory  caspases) 
cleave  and  activate  those  with  short  prodomains 
(effector  caspases).  Caspases  of  special  relevance  to 
cancer  are  caspase-3,  which  is  responsible  for 
chromatin  collapse  and  DNA  degradation  (Woo  et 
aL,  1998),  caspase-8,  which  is  the  first  caspase  in  the 
CD95/Fas  pathway  (Ashkenazi  and  Dixit,  1998),  and 
caspase-9,  which  is  activated  by  Bcl-2  family- 
dependent  events  at  mitochondria  and  is  responsible 
for  cleavage  and  activation  of  caspase-3  (Li  et  aL, 
1997;  Zou  et  aL,  1997).  Notably,  oncogenes  including 
c-Myc  potentiate  the  activation  of  caspase-9  in  cells 
through  as  yet  undefined  mechanisms  (Fearnhead  et 
aL,  1997,  1998).  More  than  40  caspase  substrates  have 
been  defined  whose  cleavage  is  believed  to  be 
important  to  cell  demise.  Among  the  most  crucial 
substrates  is  the  apoptotic  DNA  endonuclease  DFF/ 
CAD,  which  is  expressed  as  an  inactive  precursor 
complex  with  the  inhibitor  ICAD  and  which  is  cleaved 
and  activated  by  caspase-3  (Liu  et  aL,  1997;  Enari  et 
aL,  1998).  A  wide  variety  of  caspase  inhibitors  have 
been  characterized,  increasing  the  complexity  of 
caspase  regulation  in  mammalian  cells  (Thornberry 
and  Lazebnik,  1998). 

In  an  elegant  set  of  biochemical  experiments  Wang 
and  colleagues  identified  the  mammalian  homolog  of 
ced-4,  termed  Apaf-1,  through  its  ability  to  activate 
caspase-3  (Zou  et  aL,  1997).  Necessary  cofactors  that 
purified  in  a  complex  with  Apaf-1  were  cytochrome  c, 
a  key  member  of  the  electron  transport  chain  located 
in  mitochondria,  dATP,  and  caspase-9  (Li  et  aL,  1997). 
Apaf-1  is  cytosolic  and  cytochrome  c  is  normally  found 
in  mitochondria,  implying  that  mitochondria-depen- 
dent  cytochrome  c  release  is  necessary  for  Apaf-1  to 
promote  apoptosis.  The  link  to  mitochondria  provides 
the  connection  to  Bcl-2  family  proteins  which  are 
believed  to  act  there  as  ion  and/or  protein  channels  or 
possibly  as  regulators  of  such  channels  (Green,  1998; 
Green  and  Reed,  1998;  Reed  et  aL,  1998).  As 
mentioned  above,  cytochrome  c  release  can  be  elicited 
by  proapoptotic  members  of  the  Bcl-2  family  and  also 
by  calcium  (Eskes  et  aL,  1998).  In  addition, 
biochemical  analyses  have  implicated  adenovirus 
El  A,  c-Myc,  and  p53  in  promoting  cytochrome  c 
release  and  caspase  activation  through  some  undefined 
mechanism(s)  (Fearnhead  et  aL,  1997,  1998;  Ding  et 
aL,  1998).  The  relevant  connections  and  whether  they 
involve  calcium  or  Bcl-2  family  proteins  should  emerge 
shortly.  However,  in  whatever  way  it  is  released, 
cytochrome  c  association  with  Apaf-1  in  the  presence 
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of  bound  dATP  leads  to  a  recruitment  and  aggregation 
of  caspase-9  that  triggers  its  autocleavage  and 
activation.  Only  mitochondrially  assembled  (i.e.  heme- 
bound)  cytochrome  c  will  stimulate  Apaf-1,  reinforcing 
the  role  of  mitochondria  in  regulating  activation  of 
caspase-9.  The  biochemical  complex  carrying  out  this 
process  (minimally  comprised  of  Apaf-1,  cytochrome  c, 
dATP,  and  caspase-9)  has  been  termed  an  ‘apopto- 
some’  since  it  is  sufficient  to  elicit  apoptosis  in  cells. 
Mammalian  Apaf-1  includes  in  its  C-terminal  domain 
a  set  of  WD40  repeats  which  may  regulate  the  ability 
to  activate  caspase-9  (Hu  et  aL,  1998).  Consistent  with 
the  C.  elegans  blueprint,  Bc1-Xl  can  form  a  ternary 
complex  with  Apaf-1  and  caspase-9  (Pan  et  aL,  1998). 
Additional  Bcl-2  family  proteins  have  been  identified 
that  interact  directly  with  Apaf-1,  termed  Diva  and 
Boo.  Diva  is  a  proapoptotic  protein  that  acts  via  a 
BH3-independent  mechanism  (Inohara  et  aL,  1998). 

Boo  is  an  antiapoptotic  protein  whose  interaction  with 
Apaf-1  is  displaced  by  the  BH3-dependent  proapopto¬ 
tic  proteins  Bak  and  Bik,  A  central  role  of  Apaf-1  in 
mammalian  cell  apoptosis  and  mouse  development  has 
been  demonstrated  and,  as  expected,  cells  lacking 
Apaf-1  exhibit  defects  in  the  ability  to  activate 
apoptosis  by  many  stimuli  (Cecconi  et  aL,  1998; 
Yoshida  et  aL,  1998).  However,  some  Apaf-1- 
independent  apoptosis  induced  by  certain  stimuli  (e.g. 
staurosporine)  raised  the  possibility  that  additional 
Apaf-1 -like  proteins  may  exist. 

Three  pathways  which  lead  to  the  basic  executioner 
machinery  deserve  special  mention  with  regard  to  c- 
Myc  and  cancer  (see  below).  The  first  is  the  p53-Bax 
pathway.  p53  is  a  checkpoint  regulator  and  tumor 
suppressor  that  is  activated  by  DNA  damage  and 
certain  other  stresses  (Levine,  1993).  Under  cata¬ 
strophic  circumstances  p53  will  trigger  apoptosis  in 
part  by  stimulating  expression  of  Bax,  which  is  a 
target  of  transcriptional  activation  by  p53  (Miyashita 
et  aL,  1994;  Selvakumaran  et  aL,  1994a;  Miyashita 
and  Reed,  1995).  Elevation  of  Bax  by  p53  is  not  a 
sufficient  cause  for  the  latter  to  drive  apoptosis;  this 
also  requires  an  undefined  signal  from  the  specific 
apoptosis  effector  domain  of  p53  (Sakamuro  et  aL, 

1997).  Nevertheless,  Bax  elevation  tilts  mitochondria 
toward  cytochrome  c  release  and  activation  of 
caspase-9,  which  stimulates  caspase-3  activity  and 
cell  demise.  A  second  pathway  linked  to  the 
executioner  machinery  in  cancer  cells  is  the  PI3'K- 
AKT  survival  pathway.  This  pathway  can  be  activated 
by  a  variety  of  stimuli,  including  integrin-dependent 
cell  adhesion,  ligation  of  the  receptors  for  insulin-like 
growth  factor- 1  (IGFl)  or  IL-3,  and  activated  Ras 
(Datta  et  aL,  1997;  del  Peso  et  aL,  1997;  Franke  et  aL, 

1997;  Frisch  and  Ruoslahti,  1997;  Khwaja  et  aL,  1997; 

King  et  aL,  1997;  Liu  et  aL,  1998).  Two  substrates  in 
the  executioner  machinery  for  the  AKT  kinase  which 
have  been  identified  are  Bad  and  caspase-9  (Datta  et 
aL,  1997;  del  Peso  et  aL,  1997;  Cardone  et  aL,  1998). 

A  recent  report  suggests  that  a  BAD  may  also  be 
targeted  for  phosphorylation  via  a  PI3'K-independent 
pathway  involving  MEK  (Scheid  and  Duronio,  1998). 

AKT  phosphorylation  of  Bad  leads  to  loss  of  its 
proapoptotic  activity,  probably  by  affecting  its  ability 
to  associate  with  Bc1-Xl.  Similarly,  AKT  phosphor¬ 
ylation  of  caspase-9  reduces  its  proteolytic  activity 
(Cardone  et  aL,  1998),  illustrating  two  levels  at  which 
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AKT  targets  the  executioner  machinery  for  inhibition. 
A  third  set  of  related  executioner  pathways  of  interest 
to  c-Myc  are  those  activated  by  cell  surface  ligation  of 
the  death  receptors  CD95/Fas,  which  depending  on 
cell  type  either  bypasses  or  involves  mitochondria 
(Type  I  or  Type  II;  Scaffidi  et  al.,  1998;  Green,  1998), 
or  certain  members  of  the  TNF-R  family,  which 
depending  on  receptor  type  may  stimulate  both  death 
and  NF-KB-dependent  survival  signals  (Ashkenazi 
and  Dixit,  1998).  Death  in  each  case  is  mediated  by 
direct  activation  of  caspase-8,  which  autocleaves 
following  its  recruitment  and  aggregation  by  the 
receptor-binding  death  effector  domain  (DED)  adap¬ 
tor  proteins  FADD  to  CD95/Fas  or 
FADD-fTRADD  to  TNF-R.  Depending  on  cell  and 
receptor  type,  robust  activation  of  caspase-8  occurs, 
leading  directly  to  caspase-3  activation  and  cellular 
demise,  or  weaker  activation  of  caspase-8  occurs, 
followed  by  cleavage  of  the  proapoptotic  Bcl-2  protein 
Bid,  which  stimulates  cytochrome  c  release  and 
activation  of  caspase-3  via  caspase-9  cleavage  (Li  et 
ai,  1998;  Luo  et  al,  1998).  CD95/Fas  and  TNF-R 
pathways  may  be  mechanistically  crucial  in  many  cell 
death  settings,  including  cancer. 


Apoptosis:  its  significance  in  cancer 

Apoptosis  has  many  roles  in  development  and  home¬ 
ostasis  and  its  dysregulation  is  a  hallmark  of  many 
diseases  (Peter  et  al.,  1997).  One  of  its  crucial  roles  is  to 
limit  inappropriate  cell  proliferation  that  can  lead  to 
cancer  (Evan  and  Littlewood,  1998).  Apoptosis  can 
stanch  such  proliferation  but  apoptotic  mechanisms  are 
progressively  eliminated  during  neoplastic  progression 
(Williams,  1991).  Substantial  clinical  evidence  argues 
that  this  progressive  elimination  is  a  crucial  step  in 
malignant  conversion,  for  example,  in  the  progression 
of  prostate  carcinoma  to  hormone  independence 
(Kyprianou  et  al.,  1990;  McDonnell  et  aL,  1992; 
Brandstrom  et  a!.,  1994;  Raffo  et  ai,  1995).  This  is 
not  due  to  loss  or  inactivation  of  the  basic  machinery 
of  apoptosis,  which  remains  intact  even  in  advanced 
malignancies  (Martin  and  Green,  1995).  For  example, 
in  vitro  studies  of  estrogen-independent  breast  tumor 
cells  have  indicated  that  they  retain  an  intrinsic 
capacity  for  apoptosis,  even  though  they  are  resistant 
to  hormone  deprival  (Kyprianou  et  aL,  1991; 
Armstrong  et  a!,,  1992).  Neoplastic  cells  are  resistant 
to  apoptosis  apparently  because  they  lack  or  suppress 
the  regulatory  mechanisms  required  to  activate  the 
basic  executioner  machinery.  Mutation  of  p53  or 
elevation  of  antiapoptotic  members  of  the  Bcl-2  family 
are  paradigms  in  cancer.  As  outlined  above,  activation 
of  AKT  by  various  means  in  cancer  cells  is  also  likely 
to  be  important  (Franke  et  ai,  1997;  Frisch  and 
Ruoslahti,  1997;  Ruggeri  et  aL,  1998;  Wu  et  aL,  1998). 
However,  the  executioner  machinery  remains  intact  in 
cells  transformed  by  c-Myc,  which  may  offer  an 
Achilles’  heel  to  exploit.  Consistent  with  this  notion, 
latent  but  as  yet  undefined  activators  of  caspases  are 
clearly  present  in  cells  c-Myc-transformed  cells  but  not 
in  normal  cells  (Fearnhead  et  ai,  1997;  Ding  et  aL, 
1998).  Thus,  the  interface  between  c-Myc  and  the 
executioner  machinery  offers  a  logical  realm  to  identify 
novel  therapeutic  strategies. 


c-Myc  induces  apoptosis 

c-Myc  is  sufficient  and  necessary  for  apoptosis  under 
certain  conditions.  The  initial  observations  establishing 
this  were  made  in  IL-3-dependent  murine  myeloid  32D 
cells,  primary  and  established  rat  fibroblasts,  and  T  cell 
hybridomas.  Askew  et  al.  (1991)  showed  that  constitu¬ 
tive  expression  of  c-Myc  markedly  accelerated  apoptosis 
of  32D  cells  denied  IL3.  Death  was  not  restricted  to  a 
particular  phase  of  the  cell  cycle  but  occurred  in  all 
phases,  and  c-Myc  continued  to  drive  S  phase  entry  of 
cells  which  did  not  immediately  commit  suicide.  Evan  et 
al.  (1992)  demonstrated  conclusively  that  c-Myc  was 
sufficient  to  elicit  apoptosis  in  primary  rodent  embryo 
fibroblasts  (REFs)  or  established  Rati  fibroblasts 
deprived  of  growth  factors.  This  study  was  based  on 
resolution  of  the  fulcrum  observation  that  c-Myc  was 
not  able  to  drive  outgrowth  of  a  cell  population 
cultured  at  suboptimal  serum  concentrations,  even 
.though  in  the  same  population  c-Myc  was  clearly 
stimulating  cell  cycle  transit.  The  reason  behind  this 
apparent  discrepancy  was  that  cell  death  and  cell 
division  was  occurring  simultaneously  in  different  cells 
in  the  population.  The  cell  death  that  was  occurring  had 
all  the  features  of  apoptosis.  As  in  32D  cells  apoptosis, 
occurred  in  all  phases  of  the  cell  cycle,  in  a  stochastic 
fashion  such  that  some  cells  in  the  population  died  while 
other  cells  continued  to  proliferate  through  the  influence 
of  c-Myc.  The  stochastic  feature,  which  was  the  basis 
for  the  initial  apparent  conundrum,  remains  an 
enduring  mystery  in  apoptosis  not  only  by  c-Myc  but 
generally.  Notably,  additional  growth  limiting  treat¬ 
ments  such  as  amino  acid  deprivation  were  similarly 
capable  of  eliciting  apoptosis  by  c-Myc,  raising  the 
possibility  that  a  conflict  of  growth  and  arrest  signals  in 
cells  might  be  the  cause  of  apoptosis  rather  than  a  direct 
function  of  c-Myc  (Evan  et  r//.,  1992).  A  rudimentary 
genetic  analysis  performed  using  a  canonical  set  of  c- 
Myc  deletion  mutants  (Stone  et  al.,  1987)  indicated 
overlap  in  the  terminal  regions  of  c-Myc  required  for 
apoptosis  or  transformation,  illustrating  crucial  require¬ 
ments  for  the  Myc  Box-containing  NTD  and  the  b/ 
HLH/LZ-containing  CTD  (Evan  et  al,  1992).  Cell 
death  by  c-Myc  in  the  Rati  system  was  subsequently 
shown  to  be  associated  with  the  activation  of  certain 
Jun  kinases  (Inks)  and  caspase-3  (Kagaya  et  a!.,  1997; 
Yu  et  al,  1997;  Kangas  et  al.,  1998),  which  is  crucial  to 
produce  the  associated  chromatin  collapse  and  nucleo- 
somal  DNA  degradation.  c-Myc  is  also  responsible  for 
cell  death  in  Burkitt’s  lymphoma  cells  and  EBV- 
immortalized  B  cells  deprived  of  autocrine  factors 
(Milner  et  al.,  1993;  Cherney  et  al.,  1994).  Lastly, 
epithelial  cells  have  also  been  shown  to  be  susceptible  to 
apoptosis  by  c-Myc  (Sakamuro  et  al.,  1995).  Malignant 
transformation  of  epithelia  in  lung,  colon,  breast, 
prostate,  cervix  and  liver  presents  a  well-known  and 
grim  clinical  challenge.  However,  epithelial  cells  are  not 
only  susceptible  to  c-Myc  but  can  be  killed  via  multiple 
mechanisms,  some  of  which  appear  to  be  unavailable  in 
fibroblasts  or  hematopoietic  cells  (Sakamuro  et  al., 
1995;  Lanoix  et  al.,  1996;  Trudel  et  al.,  1997).  Together 
these  studies  showed  that  c-Myc  is  a  sufficient  cause  of 
apoptosis. 

A  necessary  role  for  c-Myc  in  apoptosis  was 
reported  by  Shi  et  al.  (1992)  who  used  antisense 
oligonucleotides  to  reduce  c-Myc  expression  in  murine 


Mechanisms  of  apoptosis  by  c-Myc 

GC  Prendergast 


T  hybridomas  and  show  that  c-Myc  was  required  for 
apoptosis  induced  by  T  cell  receptor  activation.  Later 
studies  established  that  c-Myc  was  a  critical  determi¬ 
nant  of  apoptosis  induced  by  TNF-a  (Janicke  et  al, 
1994;  Klefstrom  et  al,  1994;  Dong  et  al.,  1997)  and  of 
the  magnitude  of  the  response  to  ligation  of  the  CD95/ 
Fas  death  receptor  (Hueber  et  al,  1997).  However,  it 
now  appears  that  c-Myc  is  required  for  efficient 
response  to  a  variety  of  apoptotic  stimuli,  including 
transcription  and  translation  inhibitors,  hypoxia, 
glucose  deprival,  heat  shock,  chemotoxins,  DNA 
damage,  and  cancer  chemotherapeutics  (Evan  et  al, 
1992;  Harrington  et  ai,  1994a;  Wagner  et  al,  1994; 
Yao  et  al,  1995;  Alarcon  et  aL,  1996;  Graeber  et  al, 
1996;  Jiang  et  aL,  1996;  Kang  et  al,  1996;  Li  et  al, 
1996;  Dong  et  al,  1997;  Koumenis  and  Giaccia,  1997; 
Zhan  et  al,  1997;  Nesbit  et  al,  1998;  Rupnow  et  al, 
1998;  Shim  et  al,  1998).  Evan  and  Littlewood  have 
proposed  the  appealing  idea  that  c-Myc  does  not  act  as 
a  death  effector  in  all  these  instances  but  instead  acts  to 
sensitize  cells  to  a  variety  of  apoptotic  triggers  (Evan 
and  Littlewood,  1998).  In  any  case,  its  role  in  death  by 
so  many  stimuli  supports  the  hypothesis  that  c-Myc 
has  intrinsic  function  related  to  cell  death. 

Retroviral  myc  proteins  {y-myc  proteins)  and  other 
Myc  family  members  also  have  the  capacity  to  induce 
apoptosis.  M-myc  proteins  mimic  c-Myc  despite  the 
fact  that  they  include  a  variety  of  sequence  alterations 
which  might  have  been  thought  to  ablate  apoptotic 
properties  (Troppmair  et  al,  1992;  Wang  et  al, 
1993a,b;  Dolnikov  et  al,  1996).  Indeed,  a  comparison 
of  c-Myc  and  v-Myc  in  avian  cells  indicated  that  the 
latter  induced  apoptosis  more  potently  (Petropoulos  et 
al,  1996).  The  tight  association  between  these 
properties  in  retroviral  oncogenic  myc  genes,  where 
strong  selective  pressures  would  be  expected  to  rid 
death-dealing  aspects,  reinforces  the  notion  that  they 
are  inseparable  at  the  level  of  the  protein  and 
therefore  coordinately  controlled  together.  Investiga¬ 
tions  of  the  capacity  of  N-Myc  and  L-Myc  to  drive 
cell  death  have  revealed  similarities  to  c-Myc  (Zornig 
et  al,  1995;  Ueda  and  Ganem,  1996;  Chernova  et  al, 
1998;  Lutz  et  al,  1998;  Nesbit  et  al,  1998).  The 
antiproliferative  S-Myc  protein  also  induces  apoptosis 
but  without  the  need  for  a  growth  factor  deprivation 
trigger  (Asai  et  al,  1994).  A  comparison  of  the  effects 
of  N-Myc,  L-Myc,  and  c-Myc  in  32D  myeloid  cells 
indicates  that  they  differentially  sensitize  cells  to  some 
stimuli  (Nesbit  et  al,  1998).  The  literature  provides 
counter  examples  where  under  growth  limiting 
conditions  c-Myc  can  promote  survival  of  B 
lymphocytes  (Wu  et  al,  1996a;  Sonenshein,  1997; 
Wang  et  al,  1999)  or  differentiation  of  normal  human 
keratinocytes  (Gandarillas  and  Watt,  1997),  illustrat¬ 
ing  the  complex  cell  fate  regulating  aspects  of  c-Myc. 
However,  the  clear  trend  in  the  great  majority  of  cell 
types  examined  is  for  Myc  proteins  to  promote  both 
mitogenesis  and  cell  death  under  growth  limiting 
conditions. 

The  cooperation  in  tumorigenesis  between  c-Myc 
and  Bcl-2  (Strasser  et  al,  1990),  a  gene  discovered  at  a 
chromosomal  breakpoint  in  a  follicular  B  cell  tumor 
(Tsujimoto  et  al,  1984)  and  then  subsequently 
identified  as  an  apoptosis  suppressor  that  can 
cooperate  with  c-Myc  in  cell  immortalization  (Vaux 
et  al,  1988),  made  it  likely  that  Bcl-2  would  block 
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apoptosis  by  c-Myc.  Several  studies  have  explicitly 
confirmed  this  expectation  in  mesenchymal  cells 
(Bissonnette  et  al,  1992;  Fanidi  et  al,  1992;  Wagner 
et  al,  1993b;  Wang  et  al,  1993b).  This  work  helped 
establish  the  principle  that  manifestation  of  the  full 
oncogenic  properties  of  c-Myc  may  require  loss  or 
suppression  of  apoptosis  (Evan  et  al,  1992;  Facchini  et 
al,  1994).  The  ability  of  other  oncogenes  to  collaborate 
with  myc  in  lymphomagenesis,  including  ras,  raf,  pim-1 
and  M-abl,  suggests  that  these  oncogenes  can  also 
provide  as  part  of  their  action  an  antiapoptotic  signal 
which  negates  the  death-dealing  aspect  of  c-Myc 
(Adams  and  Cory,  1992).  How  these  genes,  and  in 
particular  Bcl-2,  impinge  mechanistically  on  c-Myc 
remains  unclear.  For  example,  Bcl-2  does  not  block 
apoptosis  by  c-Myc  in  certain  epithelial  tissues  (Trudel 
et  al,  1997).  Moreover,  caspase  inhibitors  do  not  block 
cell  death  by  c-Myc  (although  they  block  apoptotic 
features  associated  with  it)  (McCarthy  et  al,  1997), 
even  though  Bcl-2  family  proteins  are  thought  to  block 
death  by  inhibiting  activation  of  Apaf-1  and  thereby 
caspases  (Adams  and  Cory,  1998;  Green  and  Reed, 

1998;  Reed  et  al,  1998).  Finally,  it  is  important  to  note 
that  Bcl-2  proteins  act  by  affecting  the  kinetics  of  death 
in  cells  expressing  c-Myc,  which  are  certainly  important 
in  cancer  cells,  rather  than  by  inhibiting  signals  for 
death  commitment  (McCarthy  et  al,  1997),  about 
which  little  seems  to  be  known.  Thus  it  seems  that  c- 
Myc  and  other  proapoptotic  oncogenes  coordinately 
induce  signals  for  death  commitment  and  caspase 
activation.  Emerging  caspase-independent  aspects  of 
apoptosis  (e.g.  Quignon  et  al,  1998;  Wang  et  al, 

1998b)  may  give  insights  into  the  manner  in  which  a 
death  commitment  signal  is  generated  and  into  the 
exact  relationship  between  c-Myc  and  mitochondrial 
events  that  are  regulated  by  the  Bcl-2  family. 


The  role  of  p53  in  apoptosis  by  many  stimuli  is  well- 
established  but  its  exact  role  in  apoptosis  by  c-Myc  is 
uncertain.  Several  in  vitro  studies  have  argued  that  p53 
is  crucial.  Mouse  embryo  fibroblasts  from  p53  null 
animals  are  largely  refractory  to  apoptosis  by  c-Myc 
(Hermeking  and  Eick,  1994;  Wagner  et  al,  1994),  and 
similar  results  have  been  obtained  in  other  mesenchy¬ 
mal  cell  types  (Wang  et  al,  1993a;  Hermeking  et  al, 
1994;  Bennett  et  al,  1995;  Yu  et  al,  1997).  Some 
investigators  also  observed  elevation  of  p53  levels  by 
ectopic  c-Myc  expression  (Hermeking  and  Eick,  1994; 
Yu  et  al,  1997),  in  support  of  the  candidacy  of  p53  as 
a  Myc  target  gene  (Reisman  et  al,  1993),  although  this 
effect  has  not  been  observed  widely.  However,  results 
from  other  studies  which  included  in  vivo  assays  and 
epithelial  cell  models  argued  against  an  obligate  role 
for  p53  (Hsu  et  al,  1995;  Sakamuro  et  al,  1995; 
Lenahan  and  Ozer,  1996;  Trudel  et  al,  1997).  For 
example,  even  though  c-Myc  induces  lymphomas  more 
rapidly  in  p53  null  mice  (Elson  et  al,  1995),  a  careful 
examination  showed  this  was  due  to  enhanced 
proliferation  and  not  to  reduced  apoptosis  (Hsu  et 
al,  1995).  In  addition,  expression  of  SV40  T  antigen, 
which  inactivates  both  p53  and  Rb,  or  adenovirus  ElB 
55  kD  protein,  which  inactivates  p53,  did  not  affect  the 
ability  of  c-Myc  to  induce  apoptosis  in  established 
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Rati  cells  (Harrington  et  ai,  1994b;  Lenahan  and 
Ozer,  1996).  Finally,  overexpressed  c-Myc  induces 
apoptosis  in  Ml  myeloid  cells,  which  lack  a  p53  gene 
(Selvakumaran  et  aL,  1994b;  Lotem  and  Sachs,  1995). 
Tissue  specific  differences  may  dictate  the  mechanisms 
used  by  c-Myc.  In  baby  rat  kidney  (BRK)  cells,  c-Myc 
induces  apoptosis  by  both  p53-dependent  or  p53- 
independent  mechanisms  (Sakamuro  et  al.,  1995).  The 
lack  of  a  p53  requirement  for  apoptosis  was  confirmed 
in  kidney  epithelia  in  myc  transgenic  mice  (Trudel  et 
aL,  1997).  It  is  interesting  to  note  in  this  context  that 
p53  inactivation  does  not  cooperate  with  c-Myc  to 
promote  malignant  transformation  of  mammary 
epithelial  tissues  (Elson  et  aL,  1995).  Thus,  p53- 
independent  mechanisms  may  be  predominant  in 
epithelial  cells.  A  complex  relationship  between  c-Myc 
and  p53  is  suggested  by  the  following  observations. 
Interestingly,  mutant  p53  suppresses  apoptosis  by  c- 
Myc  in  Ml  myeloid  cells,  even  though  they  are 
nullizygous  for  p53  (Lotem  and  Sachs,  1995).  This 
effect  is  presumably  dictated  by  the  ability  of  mutant 
p53  to  interact  directly  or  indirectly  with  a  factor 
required  by  c-Myc  to  induce  death.  The  results  of  a 
study  examining  the  effects  of  c-Myc  on  TNF  killing 
confirm  some  type  of  crosstalk  between  c-Myc  and 
p53.  In  this  study,  it  was  noted  that  p53  null  cells  were 
refractory  to  c-Myc  sensitization  to  TNF,  but  this 
phenotype  could  not  be  replicated  by  overexpression  of 
a  C-terminal  dominant  inhibitory  fragment  of  p53 
(Klefstrom  et  a!.,  1997).  Thus,  the  presence  of 

unoligomerized  wild-type  p53,  which  would  be 
expected  to  be  transcriptionally  inactive,  was  sufficient 
to  allow  c-Myc  sensitization.  Thus,  some  transactiva¬ 
tion-independent  aspect  of  p53  is  crucial.  One 
interpretation  of  these  data  is  that  c-Myc  and  p53 
interact  with  some  common  apoptosis  effector  signaling 
system,  perhaps  involving  the  apoptosis  effector 
domain  in  p53,  as  we  have  speculated  previously 
(Sakamuro  et  aL,  1997).  This  idea  is  supported  by  a 
recent  study  of  the  p53-interacting  modulator  p33^^^''' 
in  cells  where  apoptosis  is  induced  by  c-Myc,  which 
suggests  that  p53  and  c-Myc  may  have  parallel  actions 
(Helbing  et  aL,  1997).  In  any  case,  it  is  conceivable  that 
p53  or  c-Myc  may  sensitize  cells  to  each  other  or  to 
other  proapoptotic  triggers,  an  idea  related  to  that 
proposed  by  Evan  and  Littlewood  (1998)  to  explain  the 
proapoptotic  actions  of  oncogenes.  Further  investiga¬ 
tions  are  needed  to  understand  what  is  apparently  a 
complex  relationship  between  c-Myc  and  p53. 

pj9ARF^^  the  alternate  reading  frame  product  of  the 
Ink4  tumor  suppressor  gene,  has  been  implicated 
recently  as  a  link  between  p53  and  c-Myc  in  apoptosis 
(Zindy  et  aL,  1998).  Ink4  is  among  the  most 
frequently  mutated  tumor  suppressor  genes  in  human 
cancer.  It  encodes  pl6'^’^^  a  cell  cycle  kinase  inhibitor 
(CKI)  that  is  crucial  for  proper  regulation  of  the 
retinoblastoma  (Rb)  protein,  as  well  as  pi 9^*^’',  a 
protein  that  interacts  with  and  regulates  the  p53- 
Mdm2  complex  (Sherr,  1998).  Thus,  the  Ink4  gene 
encodes  two  structurally  unrelated  tumor  suppressors 
that  interact  with  the  two  most  important  growth 
regulatory  circuits  in  the  cell.  It  was  noted  that  mouse 
embryo  fibroblasts  (MEFs)  lacking  the  pi 9^^^  gene 
could  be  transformed  by  oncogenic  Ras  alone, 
suggesting  that  c-Myc  might  regulate  pl9^^'^’'  (Zindy 
et  aL,  1998).  In  support  of  this  hypothesis,  introduc- 


tion  of  c-Myc  into  wild-type  MEFs  elevated  pl9'^’^’ 
and  p53  and  triggered  crisis  and  apoptosis,  whereas  c- 
Myc  had  little  effect  on  p53  or  apoptosis  in  pl9^>^*  -  /  - 
MEFs.  Wild-type  MEFs  transfected  with  c-Myc  that 
emerged  as  immortal  clones  invariably  sustained 
mutation  of  p53  or  deletion  of  pl9'^’^^\  pl9^'^'“^“ 
and  p53  ■“  MEFs  were  readily  immortalized  by  c- 
Myc  but  exhibited  an  attenuated  death  response  to 
serum  deprival  (Zindy  et  aL,  1998).  Following  a  wave 
of  apoptosis  which  eliminated  a  large  fraction  of  the 
cell  population,  the  remaining  cells  could  be  passaged 
indefinitely  in  the  absence  of  serum.  The  initial  wave 
of  apoptosis  apparently  reflects  a  pl9'^’^’  /p53-indepcn- 
dent  mechanism  of  the  type  discussed  above.  Never¬ 
theless,  loss  of  p53  or  pi 9^'^^'  tolerized  a  significant 
portion  of  the  cell  population  to  the  cytotoxic  effects 
of  c-Myc.  pi 9^*^^'  is  expressed  from  a  specific  promoter 
in  the  Ink4  gene  that  includes  Myc-like  E  box  motifs 
(C  Sherr,  personal  communication),  making  it  a 
logical  target  gene  candidate.  Whether  pi 9"^'^'  plays 
a  similar  role  for  c-Myc  in  other  cell  types  and 
organisms  is  not  yet  clear.  Rati  fibroblasts  appear  to 
have  both  intact  wild-type  p53  and  pi 9'^'^’’  genes  (J 
Sedivy,  personal  communication),  which  may  explain 
why  they  are  so  sensitive  to  apoptosis  by  c-Myc,  but  it 
is  notable  that  neither  gene  was  mutated  during 
establishment  of  these  cells.  In  MEFs,  pl9'^'^' 
responds  similarly  to  ectopic  expression  of  El  A  and 
provides  a  link  to  Mdm2  through  El  A  mediates  p53 
stabilization  (de  Stanchina  et  aL,  1998).  How  El  A 
induces  pi 9^^^'  is  unclear.  Zindy  et  aL  (1998)  proposed 
that  pi 9^^*^’  regulates  a  p53-dependent  checkpoint  that 
safeguards  cells  against  hyperproliferative  and  onco¬ 
genic  signals.  That  pi 9^'^''  is  dispensable  for  cell 
proliferation  and  possibly  a  c-Myc  target  gene 
specifically  involved  in  apoptosis  impacts  the  dual 
signal  model  for  c-Myc  function  considered  below. 


Myc  target  genes  and  apoptosis 

A  growing  number  of  genes  have  been  identified  as 
targets  for  regulation  by  c-Myc  and  it  seems  likely 
that  more  will  follow  (Dang,  1999).  Two  recent 
studies  raise  concerns  about  physiological  validation 
(Bush  et  a!.,  1998;  Xiao  et  aL,  1998).  Using  c-myc 
null  cells  (Mateyak  et  a!.,  1997)  to  assess  the  serum 
response  of  the  best-studied  target  genes,  it  was 
found  that  only  the  cad  and  gadd45  genes  were 
misregulated  in  the  absence  of  c-Myc  (Bush  et  aL, 
1998).  cad  is  a  housekeeping  gene  that  participates 
in  pyrimidine  biosynthesis  which  is  activated  by  c- 
Myc  (Miltenberger  et  aL,  1995;  Boyd  et  aL,  1998), 
but  it  has  not  been  assigned  any  role  in  apoptosis 
to  date.  gadd45  (growth  arrest  and  DNA  damage- 
inducible  gene  45)  is  functionally  undefined  and 
repressed  by  c-Myc  (Marhin  et  aL,  1997);  it  also 
has  not  been  assigned  any  role  in  cell  death.  It  is 
notable  that  of  the  >30  candidate  genes  identified 
to  date,  few  seem  as  robustly  regulated  as  the 
targets  of  better  understood  transcription  factors. 
Although  biochemical  crosslinking  methodologies 
suggest  that  there  may  be  many  c-Myc  binding 
sites  in  the  genome  (Boyd  et  aL,  1998),  recent  cell 
biological  experiments  suggest  the  number  of 
physiological  sites  may  be  relatively  small  (Rudolph 
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et  a/.,  1998).  In  these  experiments,  primary  REFs 
were  transfected  with  multimerized  wild-type  physio¬ 
logical  DNA  binding  sites  or  point-mutated  versions 
of  the  same  and  cell  clones  were  selected  and 
monitored  for  the  number  of  passages  to  arrive  at 
replicative  crisis.  Interestingly,  clones  containing  as 
few  as  ~50  copies  of  the  wild-type  E  box  sequences 
underwent  crisis  significantly  more  quickly  than 
controls  (Rudolph  et  al,  1998).  If,  as  expected, 
these  sequences  compete  with  physiological  sites  for 
binding  to  c-Myc,  then  these  results  imply  that  the 
number  of  loci  needed  for  c-Myc  to  drive 
proliferation  are  comparatively  few.  If  so,  many 
genes  which  score  as  c-Myc  targets  may  be 
fortuitously  rather  and  physiologically  regulated. 

That  caveat  stated,  there  is  evidence  that  some  of  the 
existing  targets  indeed  mediate  some  of  the  biological 
effects  of  c-Myc,  and  several  linked  to  apoptosis  are 
surveyed  here.  Ornithine  decarboxylase  (ODC)  is 
perhaps  the  best  studied  target  of  c-Myc  (Bello- 
Fernandez  et  al,  1993;  Wagner  et  al,  1993a;  Tobias  et 
al,  1995;  Wu  et  al,  1996b;  Packham  and  Cleveland, 
1997;  Ben-Yosef  et  al,  1998).  Significantly,  ODC  has 
been  shown  to  be  necessary  and  sufficient  for  apoptosis 
by  c-Myc  in  32D  myeloid  cells  (Packham  and  Cleve¬ 
land,  1994).  ODC  does  not  drive  cell  death  nearly  as 
efficiently  as  c-Myc  but  in  support  of  its  role  it  has  been 
reported  to  be  an  important  participant  with  c-Myc  in 
chemotoxin-induced  cell  death  (Zhan  et  al,  1997).  ODC 
is  a  housekeeping  enzyme  involved  in  polyamine 
synthesis  and  is  necessary  for  cell  proliferation.  How  it 
impacts  apoptosis  is  unclear,  although  one  possibility  is 
that  excess  polyamine  catabolism  generates  reactive 
oxygen  species  (ROS)  which  promote  mitochondria- 
dependent  apoptosis  (Packham  and  Cleveland,  1995). 
ODC  has  overlapping  roles  in  death  and  proliferation 
(Auvinen  et  al,  1992;  Moshier  et  al,  1993;  Packham 
and  Cleveland,  1994;  Shantz  and  Pegg,  1994). 

Several  genes  that  promote  cell  cycle  transit  have 
been  suggested  as  c-Myc  targets  (Dang,  1999)  and  two 
of  these,  cyclin  A  and  Cdc25A,  have  been  suggested  to 
participate  in  apoptosis  by  c-Myc  (Hoang  et  al,  1994; 
Galaktionov  et  al,  1996).  Integrins  regulate  cyclin  A, 
which  associates  with  CDK2  and  promotes  S  phase 
progression.  Enforced  expression  of  cyclin  A  in  Rati 
cells  is  sufficient  to  confer  anchorage-independent 
growth  capacity  and  susceptibility  to  apoptosis  by 
serum  deprival  (Hoang  et  al,  1994).  Cdc25A  is  a 
phosphatase  responsible  for  activating  cdc2.  Cdc25A 
has  been  reported  to  be  both  necessary  and  sufficient 
for  apoptosis  by  c-Myc  (Galaktionov  et  al,  1996). 
Although  this  observation  has  not  been  extended,  it  is 
consistent  with  suggestions  of  a  role  in  apoptosis  in 
particular  settings  for  aberrant  activation  of  cdc2  (also 
a  putative  target  gene  [Born  et  al,  1994])  (Shi  et  al, 
1994;  Chen  et  al,  1995).  Three  other  cell  cycle 
regulators  that  are  not  genetic  targets  of  c-Myc, 
Cdk2,  Cdk3,  and  cyclin  D3,  have  also  been  reported 
to  enhance  apoptosis  by  c-Myc  (Janicke  et  al,  1996; 
Braun  et  al,  1998).  Early  ideas  that  apoptosis  might 
have  features  of  inappropriate  mitosis  stimulated 
investigations  of  cell  cycle-related  genes  in  apoptosis. 
However,  these  ideas  have  been  challenged  recently 
because  positive  associations  with  death  have  not  been 
widely  generalized.  One  study  that  employed  a  variety 
of  cell  cycle  inhibitors  concluded  that  Cdks  are 
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dispensable  for  apoptosis  (Rudolph  et  al,  1996).  In 
addition,  a  more  recent  study  noted  that  Cdk2  and 
Cdc25A  message  levels  reacted  similarly  in  Rati  cells, 
whether  they  underwent  apoptosis  in  the  presence  of 
deregulated  c-Myc  or  simply  exit  to  GO  in  its  absence 
(Helbing  et  al,  1998).  The  status  of  Cdks  in  apoptosis 
by  c-Myc  deserves  further  attention  but  is  uncertain  at 
this  juncture. 

As  noted  above,  pl9^‘^’'  is  probably  a  transcriptional 
target  of  c-Myc  (Dang,  1999),  because  the  pi 9^^^ 
message  is  initiated  at  a  specific  promoter  in  the  Ink4 
gene  that  includes  Myc  E  box  motifs  (C  Sherr, 
personal  communication),  pi 9'^’^^  is  dispensable  for 
cell  proliferation  so  it  will  likely  have  a  specific  role 
either  in  priming  death  or  in  mediating  death  or  death 
sensitization  signals.  Since  it  is  the  only  target  gene  at 
current  which  appears  to  be  strictly  devoted  to 
apoptosis,  analysis  of  the  mechanisms  by  which  c- 
Myc  activates  its  expression  may  provide  a  physiolo¬ 
gical  paradigm  for  death-specific  transactivation.  Other 
proapoptotic  oncogenes  are  likely  to  upregulate  pi 9^^^ 
and  it  will  be  important  to  learn  whether  c-Myc 
mediates  such  effects.  Continued  investigations  of  the 
c-Myc-pl9^^''  connection  and  the  regulation  and 
mechanism  of  action  of  pi 9^*^^  should  provide 
interesting  and  important  new  insights  into  one 
pathway  through  which  c-Myc  kills  cells. 

The  metabolic  enzyme  lactate  dehydrogenase  A 
(Ldh-A)  is  a  c-Myc  target  gene  recently  shown  to 
sensitize  cells  to  a  novel  glucose-dependent  apoptotic 
pathway  (Shim  et  al,  1997,  1998).  Ldh-A  is  part  of 
the  normal  anaerobic  glycolysis  pathway  which 
operates  at  higher  levels  in  hypoxic  cells.  In  tumor 
microenvironments,  cells  further  than  ~0.1  mm  from 
a  blood  supply  are  subjected  to  severe  hypoxia  which 
they  must  adapt  to  or  perish.  In  addition  to  recruiting 
vessels  by  secreting  angiogenic  factors,  cells  adapt  to 
hypoxic  conditions  by  metabolizing  glucose  without 
oxygen  and  overproducing  lactic  acid  aerobically,  in  a 
process  known  as  the  Warburg  effect  (Warburg,  1956; 

Dang,  1999).  Notably,  MCF7  breast  carcinoma  cells 
deprived  of  glucose  exhibit  both  c-Myc  elevation  and 
significant  cell  death,  which  can  be  blocked  by  the 
addition  of  antisense  c-Myc  oligonucleotides  (Lee  et 
al,  1997).  The  identification  of  Ldh-A  as  a  genetic 
target  of  c-Myc  may  provide  a  molecular  basis  for  this 
effect  (Shim  et  al,  1997).  Notably,  when  Rati  cells 
overexpressing  Ldh-A  are  deprived  of  glucose  or  are 
treated  with  the  antimetabolite  2-deoxyglucose,  they 
engage  a  p53-independent  death  program,  whereas 
control  cell  lines  merely  respond  by  GO/Gl  arrest 
(Shim  et  al,  1998).  c-Myc-expressing  Rati  cells  also 
respond  to  glucose  deprivation  or  2-deoxyglucose 
treatment  by  undergoing  apoptosis.  The  extent  of 
apoptosis  in  cells  expressing  either  c-Myc  or  Ldh-A  is 
similar.  Ldh-A-expressing  cells  do  not  undergo 
apoptosis  following  serum  deprival,  indicating  that 
Ldh-A  only  sensitize  cells  to  the  antiglycotic  trigger, 
but  the  extent  of  apoptosis  caused  by  glucose  deprival 
is  similar  to  that  caused  in  c-Myc-expressing  cells  by 
serum  deprival  (Shim  et  al,  1998).  Bcl-2  suppresses 
glucose  deprival-induced  apoptosis  in  both  c-Myc- 
expressing  Rati  cells  and  MCF7  carcinoma  cells  (Lee 
et  al,  1997;  Shim  et  al,  1998).  Therapeutic 
opportunities  are  suggested  by  the  ability  of  other 
frank  tumor  cells  which  overexpress  c-Myc  to  undergo 
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significant  apoptosis  when  treated  with  2-deoxyglucose 
(Shim  et  ai,  1998).  The  mechanism  of  action  is 
unclear  at  this  point  but  is  speculated  to  involve 
alteration  of  the  redox  state  of  the  cell  due  to  relative 
increases  in  the  ratio  of  NAD+  :NADH  caused  by 
Ldh-A-dependent  generation  of  NAD+  (Shim  et  aL, 
1998). 


Regulation  by  cytokines  and  adhesion  signals 

The  apoptotic  properties  of  c-Myc  are  masked  by 
cytokines  and  adhesion  signals.  The  role  of  cytokines 
was  obvious  since  it  was  removal  of  such  factors  that 
revealed  those  properties.  An  examination  of  the 
inhibitory  effects  of  different  serum  growth  factors  in 
Rati  fibroblasts  identified  insulin-like  growth  factor-1 
(IGF-1)  and  platelet-derived  growth  factor  (PDGF)  as 
crucial  players  (Harrington  et  aL,  1994a).  Insulin-like 
growth  factor-II  (IGF-Il)  also  had  some  antiapoptotic 
activity  but  it  was  much  weaker.  Interestingly, 
experiments  where  protein  synthesis  inhibitors  were 
added  indicated  that  PDGF  required  protein  synthesis 
to  mediate  its  effects  but  that  IGF-1  did  not.  Bcl-2 
upregulation  by  PDGF  was  ruled  out  and  the 
presumptive  genetic  targets  of  PDGF  remain  to  be 
identified.  In  contrast,  IGF-1  apparently  regulates  cell 
death  at  some  posttranslational  level.  Cell  type 
differences  may  be  a  caveat  because  in  one  study  in 
hepatoma  cells  IGF-1  seemed  to  promote  apoptosis  by 
c-Myc  (Xu  et  al.,  1997).  However,  antiapoptotic  effects 
of  IGF-1  are  clearly  of  wide  significance  in  cancer 
settings  (Baserga  et  a!.,  1997).  IGF-1  has  many  roles  in 
cell  growth  and  differentiation  but  survival  signals  that 
are  mediated  by  the  IGF-1  receptor  are  mechanistically 
distinct  (O’Connor  et  a!.,  1997).  TGF-a  also  appears  to 
suppress  apoptosis  by  c-Myc,  in  this  case  during 
development  of  mammary  carcinoma  in  transgenic 
mice  (Amundadottir  et  a!.,  1996).  Tissue  specific 
differences  are  again  hinted  at  because  TGF-a 
mediates  its  effects  through  the  EGF  receptor,  but 
EGF  was  not  found  to  promote  survival  in  Rati  cells 
(Harrington  et  a!.,  1994a).  Lastly,  activation  of  the 
tyrosine  kinase  receptor  Ark  (Axl)  by  its  ligand  Gas6 
(a  member  of  the  vitamin  K-dependent  family  of 
proteins  preferentially  expressed  in  quiescent  cells)  has 
been  reported  to  suppress  apoptosis  by  c-Myc  (Bellosta 
et  ai,  1997).  No  mechanistic  information  is  available 
concerning  the  signaling  pathways  used  by  TGF-a  or 
Gas6/ARK. 

The  IGF-1  survival  signal  implicated  by  Harrington 
and  colleagues  has  been  traced  from  the  IGF-1 
receptor  through  a  Ras-dependent  pathway  to  phos- 
phatidylinositol  3'-kinase  (PI3'K)  and  the  AKT/PKB 
kinase  (Kauffman-Zeh  et  al.,  1997).  The  PI3'K-AKT 
pathway  has  been  widely  implicated  in  cell  survival 
mediated  by  cytokine  and  cell  adhesion  receptors,  with 
Ras  having  an  important  part  in  mediating  the  signal 
from  cytokine  receptors  (Frisch  and  Ruoslahti,  1997; 
Downward,  1998).  At  least  two  AKT  substrates  arc 
part  of  the  basic  apoptosis  machinery,  Bad  and 
caspase-9,  whose  proapoptotic  activity  is  each  inhib¬ 
ited  by  AKT  phosphorylation  (Datta  et  a!.,  1997;  del 
Peso  et  aL,  1997;  Cardone  et  aL,  1998).  Caspase-9  was 
implicated  recently  in  the  mechanism  through  which  c- 
Myc  potentiates  cell  death  (Fearnhead  et  a!.,  1998),  so 
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the  antiapoptotic  effects  of  lGF-1  might  lead  here. 
However,  the  extent  of  any  role  for  caspase-9 
inhibition  in  mediating  the  antiapoptotic  effects  of 
IGF-1  remains  to  be  established  and  it  seems  reason¬ 
able  to  expect  that  other  substrates  will  also  be 
important.  As  noted  above,  cyclin  D3  can  potentiate 
death  by  c-Myc  (Janicke  et  aL,  1996)  and  recently  this 
cyclin  has  been  reported  to  be  a  substrate  for  AKT 
(Muise-Helmericks  et  aL,  1998).  It  is  also  conceivable 
that  other  Ras  effectors  may  also  be  involved  in 
mediating  IGF-1 -generated  survival  signals,  such  as 
those  involving  Rho  or  NF-/vB  (Lebowitz  et  a!.,  1995; 
Mayo  et  aL,  1997).  Lastly,  a  recent  study  has 
implicated  CD95/Fas  in  death  by  c-Myc  (see  below) 
and  AKT  has  been  reported  to  inhibit  CD95/Fas- 
dependent  death  in  this  context  (Rohn  et  aL,  1998).  In 
summary,  the  manner  in  which  IGF-1  inhibits 
apoptosis  by  c-Myc  may  prove  complex  and  involve 
several  antiapoptotic  pathways. 

Cell  adhesion  also  influences  the  susceptibility  of 
cells  to  apoptosis  by  c-Myc.  In  a  study  of  CHO  cells 
overexpressing  c-Myc,  cell  density  was  found  to  alter 
the  susceptibility  to  death  triggered  by  serum  depriva¬ 
tion  (Gibson  et  aL,  1995).  Cells  cultured  at  higher 
densities  were  less  susceptible,  arguing  that  cell-cell 
interactions  may  limit  death.  This  observation  is 
reminiscent  of  density-dependent  effects  on  anoikis  in 
MDCK  cells  (Frisch  and  Francis,  1994).  Cell- 
substratum  interactions  also  influence  susceptibility  to 
c-Myc.  For  example,  primary  rat  embryo  fibroblasts 
(REFs)  transformed  by  c-Myc  and  oncogenic  Ras  will 
rapidly  undergo  apoptosis  if  deprived  of  matrix 
adhesion,  whereas  normal  REFs  exit  to  GO  phase  for 
an  extended  period  (McGill  et  aL,  1997).  RGD- 
containing  integrin  ligands  also  induced  apoptosis  of 
such  cells,  implying  that  integrin  signals  are  responsible 
for  death  suppression.  Death  was  inhibited  if  cells  are 
plated  at  high  density  under  conditions  which  promote 
cell-cell  aggregation,  which  was  implicated  to  be  via 
cadherins  since  calcium  chelators  relieved  inhibition. 
Loss  of  wild-type  p53  lengthened  the  kinetics  but  did 
not  abrogate  death,  consistent  with  the  notion  that  p53 
sensitizes  cells  to  apoptosis  c-Myc  but  is  not  required. 
Lastly,  REFs  cotransformed  with  activated  Sre  instead 
of  Ras  did  not  undergo  apoptosis  when  deprived  of 
adhesion,  probably  due  to  the  role  of  Sre  in  integrin 
signaling  (Inoue  et  a!.,  1995;  Frisch  and  Ruoslahti, 
1997;  Parsons  and  Parsons,  1997). 

Another  study  using  primary  chick  embryo  fibro¬ 
blasts  (CEFs)  also  implicated  matrix  signals  in  the 
susceptibility  to  apoptosis  by  c-Myc  (Crouch  et  a!., 
1996).  In  this  study,  fibronectin  and  collagen  matrix 
reduced  apoptosis  caused  by  serum  withdrawal,  and 
substratum  coated  with  an  anti-/n  integrin  antibody 
produced  a  similar  effect.  Consistent  with  a  role  for 
integrin  signaling  in  governing  susceptibility  to  c-Myc, 
proteolysis  of  the  integrin-associated  effector  kinase 
FAK  was  observed  to  be  an  early  event  in  cells 
committed  to  undergo  apoptosis  (Crouch  et  aL,  1996). 
Adhesion  signals  involving  Sre  and  APC//i-catenin 
regulate  both  apoptosis  and  c-Myc  expression 
(Barone  and  Courtneidge,  1995;  He  et  aL,  1998), 
consistent  with  the  possibility  of  some  role  for  an 
adhesion-dependent  signal  in  modulating  the  ability  of 
c-Myc  to  activate  cell  death.  Further  investigation  is 
needed  to  assess  whether  loss  of  integrin-mediated 


Mechanisms  of  apoptosis  by  c-Myc 

GC  Prendergast 


adhesion  is  a  triggering  event  or  a  correlate  of 
apoptosis  by  c-Myc.  In  addition,  given  the  findings  of 
these  studies,  it  would  be  interesting  to  determine 
whether  ectopic  expression  of  activated  Src  or  an 
uncleavable  FAK  construct  could  block  apoptosis  by 
c-Myc  which  is  elicited  by  serum  or  matrix  deprival. 
One  might  predict  an  overlap  in  the  processes  used  by 
IGF-1  and  integrins  to  suppress  the  lethality  of  c-Myc, 
insofar  as  there  is  crosstalk  between  the  IGF-1  receptor 
and  integrin  circuitry  [e.g,  (Zheng  and  Clemmons, 
1998)  and  p\  receptors  (Guilherme  and  Czech,  1998). 
Moreover,  integrins  also  access  the  PD'AKT  signal 
transduction  pathway  to  promote  cell  survival  (Frisch 
and  Ruoslahti,  1997;  Clark  et  al.,  1998;  Kumar,  1998). 

Regulatory  connections  between  c-Myc  and  death 
receptors 

Several  studies  reveal  regulatory  circuits  that  link  c- 
Myc  to  death  receptors  (see  Figure  3).  Members  of  the 
tumor  necrosis  factor  (TNF)  or  APO  transmembrane 
receptor  family  are  expressed  on  the  surface  of  many 
mesenchymal  and  epithelial  cells.  They  have  complex 
roles  that  extend  beyond  death  signaling  including 
possible  roles  in  proliferation  (e.g.  Zornig  et  al.,  1998). 
TNF  family  receptors  use  an  adaptor  system  to  directly 
activate  caspases  and  they  are  subject  to  complex 
modulation  (Ashkenazi  and  Dixit,  1998).  Ligand 
binding  causes  receptor  homotrimerization  and  recruit¬ 
ment  on  the  cytoplasmic  face  of  the  membrane  of  a 
death-inducing  signaling  complex  (DISC),  which 
includes  the  adaptors  FADD  and  TRADD  and 
procaspase-8  as  crucial  physiological  death  effectors 
(Juo  et  al.,  1998;  Varfolomeev  et  al.,  1998;  Yeh  et  al, 
1998;  Zhang  et  al,  1998).  A  brief  outline  of  the  CD95/ 
Fas  and  TNf  receptor  systems  follows  since  c-Myc  has 
been  implied  to  act  both  upstream  and  downstream  of 
each  (Janicke  et  al,  1994;  Klefstrom  et  al,  1994,  1997; 
Hueber  et  al,  1997;  Wang  et  al,  1998a). 

CD95/Fas  activates  death  by  two  routes  that  are 
either  independent  or  dependent  of  mitochondria,  as 
favored  in  Type  I  or  Type  II  cells,  respectively 
(Scaffidi  et  al,  1998).  In  type  I  cells,  recruitment  of 
FADD  leads  to  efficient  binding  and  activation  of 
caspase-8  activity,  which  proceeds  to  activate  caspase- 
3  and  cause  cell  demise.  In  type  II  cells,  caspase-3  is 
activated  by  a  more  roundabout  route  that  involves 
mitochondria.  In  this  case,  activation  of  caspase-8 
occurs  with  delayed  kinetics  and  is  weaker.  With  time 
the  proapoptotic  Bcl-2  family  protein  Bid  is  cleaved 
and  activated  by  the  active  caspase-8  which  is 
produced,  and  active  Bid  proceeds  to  induce 
cytochrome  c  release  and  caspase-9-dependent  activa¬ 
tion  of  caspase-3  (Li  et  al,  1998;  Luo  et  al,  1998). 
Antiapoptotic  Bcl-2  proteins  inhibit  CD95/Fas-depen- 
dent  apoptosis  in  Type  II  cells,  because  of  the 
involvement  of  mitochondria,  but  not  in  Type  I 
cells,  since  mitochondria  are  not  significantly  in¬ 
volved.  CD95/Fas  also  activates  the  Jnk  pathway 
but  there  is  conflicting  evidence  regarding  how.  In  one 
study  where  caspase-8  was  genetically  ablated,  Jnk 
activation  by  CD95/Fas  was  defective  (Juo  et  al, 
1998).  However,  other  studies  imply  activation  occurs 
upstream  or  in  parallel  to  FADD  (Wajant  et  al, 
1998),  possibly  through  the  putative  CD95/Fas- 
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interacting  adaptor  protein  Daxx,  which  is  proposed 
to  activate  the  Jnk  pathway  through  binding  the 
Mekkl  kinase  Askl  (Yang  et  al,  1997;  Chang  et  al, 

1998).  These  interactions  await  physiological  confir¬ 
mation  as  do  those  with  other  factors  reported  to 
modulate  CD95/Fas  in  model  systems,  including  the 
proapoptotic  adaptor  protein  Faf  and  the  antiapopto¬ 
tic  ubiquitin-like  protein  sentrin  (Chu  et  al,  1995; 

Okura  et  al,  1997).  The  TNF-R  also  uses  FADD  and 
caspase-8  to  activate  cell  death,  but  its  DISC  includes 
the  other  adaptor  proteins  TRADD,  RIP,  and  the 
TRAFs  (Ashkenazi  and  Dixit,  1998).  TRADD  is  a 
proapoptotic  intermediary  adaptor  between  the 
receptor  and  FADD.  RIP  also  binds  TRADD  and 
is  thought  to  participate  in  activation  of  the  Jnk 
pathway,  which  also  involves  TRAFs  and  possibly 
Askl  (Ashkenazi  and  Dixit,  1998;  Nishitoh  et  al, 

1998).  TRAFs,  in  particular  TRAF2,  are  implicated  in 
activation  of  an  antiapoptotic  pathway  that  stimulates 
NFkB  activation  via  IkB  inactivation  (Ashkenazi  and 
Dixit,  1998). 

The  initial  connection  between  c-Myc  and  death 
receptors  was  suggested  by  findings  that  c-Myc  is  a 
crucial  determinant  of  the  cytotoxic  response  to  TNF-a 
(Janicke  et  al,  1994;  Klefstrom  et  al,  1994). 
Subsequent  work  on  the  mechanism  has  argued  that 
c-Myc  acts  by  influencing  the  delicate  balance  between 
the  survival  and  death  signaling  pathways  which  are 
simultaneously  activated  by  this  factor  (Klefstrom  et 
al,  1997).  Using  a  conditional  Rati  expression  system, 
these  authors  showed  that  induction  of  c-Myc  impaired 
the  ability  of  TNF-a  to  activate  NF-kB  and  Jnk.  The 
inhibition  of  NF-zcB  was  implied  to  be  important 
because  ectopic  expression  of  NF-kB  made  cells 
refractory  to  the  ability  of  c-Myc  to  sensitize  them  to 
TNF-a.  While  this  study  did  not  examine  a  role  for 
Jnk,  nor  did  it  establish  if  NF-kB  inactivation  was 
necessary  for  the  effect  of  c-Myc  (only  that  it  was 
sufficient  to  block  it),  these  results  infer  that  c-Myc 
may  sensitize  cells  to  TNF-a  by  impeding  the  TRAF2- 
dependent  survival  pathway  which  is  thought  to  be 
responsible  for  coactivation  of  NF-kB  and  Jnk  (Natoli 
et  al,  1997;  Reinhard  et  al,  1997).  It  will  be  important 
to  explicitly  establish  TRAF2  involvement,  however, 
because  the  ability  of  TNF-a  to  still  activate  NF-k:B  in 
TRAF2-deficient  cells  implies  there  are  other  ways  to 
do  it  (Yeh  et  al,  1997).  Notably,  c-Myc  did  not  block 
TNF-a-dependent  elevation  of  p53  which  occurred, 
indicating  that  c-Myc  only  affected  a  particular 
signaling  pathway(s)  not  involved  in  activation  of 
TNF-a  target  genes  (Klefstrom  et  al,  1997).  Interest¬ 
ingly,  as  noted  above,  a  transactivation-independent 
function  of  p53  was  implied  to  be  necessary  for  c-Myc 
sensitization,  because  inhibiting  p53  oligomerization 
a  dominant  inhibitory  approach  did  not  mimic  the 
resistance  seen  in  p53  null  cells.  Taken  together,  the 
results  hinted  that  c-Myc  acts  at  a  step  proximal  to 
TRAF2  which  regulate  TNF-a-dependent  activation 
of  NF-kB  and  Jnk.  Further  investigation  is  required  to 
determine  the  exact  mechanism  and  the  apparent 
regulatory  linkage  with  the  TNF  receptor. 

c-Myc  may  act  both  upstream  and  downstream  of 
the  TNF-R  family  member  CD95/Fas  (Hueber  et  al, 

1997).  Similar  to  the  case  with  TNF-a,  Rati  fibroblasts 
were  not  susceptible  to  killing  by  CD9 5/Fas  ligand 
unless  c-Myc  was  expressed.  This  indicated  that  c-Myc 
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was  necessary  or  perhaps  that  it  sensitized  cells  to  this 
factor  (Evan  and  Littlewood,  1998).  The  latter 
possibility  is  supported  by  evidence  that  transcription 
of  the  CD95/Fas  ligand  is  targeted  for  activation  by 
many  apoptotic  stimuli,  including  TCR  activation 
through  NF-;cB  (Kasibhatla  el  al,  1999),  DNA 
damage  and  other  stresses  through  NF-/rB,  the  Jnk 
pathway  (AP-1),  and  Egr-3  (Faris  et  aL,  1998; 
Kasibhatla  et  ai,  1998;  Mittelstadt  and  Ashwell, 
1998).  Sensitization  by  c-Myc  in  Rati  fibroblasts  was 
not  due  to  upregulation  of  CD95/Fas  or  CD95/Fas 
ligand,  although  recent  evidence  suggests  that  CD95/ 
Fas  ligand  may  be  a  target  for  activation  by  c-Myc  in 
other  cell  types  (Wang  et  aL,  1998a).  In  any  case,  the 
biological  data  indicates  that  c-Myc  can  sensitize  cells 
to  CD95/Fas  ligand  by  acting  at  some  point  down¬ 
stream  of  the  receptor. 

Evidence  was  also  presented  in  support  of  the 
hypothesis  that  CD95/Fas  is  necessary  for  apoptosis 
by  c-Myc  elicited  by  serum  deprival  (Hueber  et  al., 
1997).  First,  neutralizing  antibodies  to  the  CD95/Fas 
ligand  inhibited  death  in  a  dose-dependent  manner 
when  added  to  serum  deprived  cells.  Consistent  with  a 
specific  role  in  apoptosis,  the  antibodies  did  not  affect 
the  ability  of  c-Myc  to  drive  cell  division  in  the  absence 
of  serum.  Second,  embryo  fibroblasts  from  Ipr  or  gld 
mice  which  have  defective  CD95/Fas  and  CD95/Fas 
ligand  genes,  respectively,  were  refractory  to  apoptosis 
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by  c-Myc.  Finally,  ectopic  expression  of  a  FADD 
dominant  inhibitory  mutant  also  inhibited  the  cyto¬ 
toxic  effects  of  c-Myc.  These  results  all  pointed  to  an 
effector  role  for  CD95/Fas  in  c-Myc  killing  in  Rati 
fibroblasts.  A  subsequent  study  aimed  at  identifying 
where  c-Myc  acted  traced  the  point  downstream  of 
ligand  binding  but  actually  upstream  of  FADD 
binding  (Rohn  et  ai,  1998).  A  FADD-independent 
mechanism  is  also  implied  by  the  ability  of  over¬ 
expressed  c-Myc  to  kill  FADD  nullizygous  mouse 
embryo  fibroblasts  (Yeh  et  al.,  1998).  FADD  is  the 
only  physiologically  validated  effector  of  CD95/Fas  so 
if  it  is  dispensable  some  other  proapoptotic  CD95/Fas- 
binding  adaptor  protein  may  be  involved,  perhaps 
Daxx  or  Faf.  A  strong  prediction  of  the  hypothesis 
that  CD95/Fas  is  crucial  for  apoptosis  by  c-Myc  is  that 
tumor  development  in  myr  transgenic  animals  should 
proceed  more  rapidly  in  Ipr  and  gld  backgrounds  and 
in  caspase-8^  ■  mice  as  compared  with  caspase-3'^  or 
caspase-9'  mice  (which  would  be  predicted  to  be 
susceptible  based  on  the  finding  that  caspase-9  is 
responsible  for  mediating  the  proapoptotic  action  of  c- 
Myc  in  cell  free-extracts  [Fearnhead  et  aL,  1998]). 
Further  investigations  are  required  to  validate  the  role 
of  CD95/Fas  and  to  uncover  the  basis  for  its  apparent 
regulatory  interactions  with  c-Myc.  Along  with 
progress  in  understanding  the  connections  to  TNF 
receptor,  studies  of  the  CD95/Fas-c-Myc  linkage  seem 
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Figure  3  Regulatory  links  between  c-Myc  and  death  receptors.  The  cartoon  outlines  regulatory  connections  implicated  between  c- 
Myc  and  the  death  receptors  TNF-R  and  CD95/Fas.  c-Myc  may  sensitize  cells  to  CD95/Fas  in  two  ways,  by  promoting  trafficking 
of  internal  stores  of  the  receptor  through  a  transactivation-independent  action  of  p53,  and  by  promoting  the  transmission  of  the 
CD95/Fas  ligand  signal  at  an  undefined  level  downstream  of  the  rceeptor  and  upstream  of  FADD  (Hueber  et  al.,  1997;  Rohn  cl  at., 
1998).  c-Myc  may  sensitize  cells  to  TNF-a  by  inhibiting  RIP/TRAF2-dcpendcnt  antiapoptotic  pathways  that  lead  to  activation  of 
NF-/cB  and  Jnk  (Klefstrom  et  at.,  1997).  How  widely  these  connections  arc  used  in  different  cells  is  not  yet  clear 
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likely  to  give  deeper  insights  into  how  c-Myc  activates 
or  sensitizes  cells  to  apoptosis. 


Role  of  interaction  with  the  cell  fate  adaptor  protein 
Binl 

Recent  work  from  our  laboratory  suggests  that 
interaction  with  the  NTD-interacting  adaptor  protein 
Binl  is  required  for  c-Myc  to  activate  apoptosis  but 
not  to  drive  cell  proliferation  (D  Sakamuro,  J 
DuHadaway,  D  Ewert  and  GC  Prendergast,  manu¬ 
script  submitted).  Binl  was  initially  identified  in  a 
screen  for  MB  1 -binding  proteins  but  its  interaction 
with  c-Myc  requires  both  of  the  conserved  Myc  boxes 
(Sakamuro  et  al.,  1996).  Binl  inhibits  the  oncogenic 
and  transcriptional  transactivation  properties  of  c-Myc 
in  a  binding  domain-dependent  manner  (Elliott  et  aL, 
1999;  Sakamuro  et  al,  1996).  Binl  will  also  inhibit  the 
oncogenic  properties  of  adenovirus  El  A,  papilloma 
virus  E7,  and  mutant  p53,  through  domains  that  are 
dispensable  for  effects  on  c-Myc  (Elliott  et  aL,  1999). 
Investigations  of  the  status  of  the  Binl  gene  (Wechsler- 
Reya  et  aL,  1997b)  in  tumor  cells  supports  the 
hypothesis  that  Binl  is  a  tumor  suppressor  with 
important  growth  regulatory  roles  (Sakamuro  et  aL, 
1996;  Wechsler-Reya  et  aL,  1997b;  Elliott  et  aL,  1999; 
Mao  et  aL,  1999;  J  DuHadaway,  K  Ge  and  GC 
Prendergast,  manuscripts  submitted). 

In  primary  chick  fibroblasts,  which  are  susceptible  to 
both  apoptosis  and  malignant  transformation  by 
deregulated  c-Myc  alone,  inhibition  of  Binl  by 
antisense  and  dominant  inhibitory  methods  suppressed 
serum  deprival-induced  apoptosis  but  not  proliferation 
or  malignant  transformation  induced  by  c-Myc.  In 
particular,  overexpression  of  the  c-Myc  binding 
domain  of  Binl  inhibited  apoptosis,  implying  that  c- 
Myc-Binl  interactions  are  required  to  mediate  cell 
death.  Similar  results  were  obtained  in  BRK  epithelial 
cells  under  conditions  where  p53-independent  cell 
death  by  c-Myc  was  induced,  arguing  that  Binl  acts 
through  a  p5  3-independent  mechanism.  In  Rati 
fibroblasts,  Binl  suppression  inhibited  apoptosis  to  a 
similar  degree  as  Bcl-2  and  allowed  outgrowth  of  cells 
cultured  in  suboptimal  serum  conditions  (Sakamuro  et 
aL,  manuscript  submitted).  Under  conditions  where 
Binl  inhibition  blocked  apoptosis  by  c-Myc,  no  effects 
were  seen  on  the  message  levels  of  three  Myc  target 
genes  implicated  in  apoptosis  (ODC,  Cdc25A,  and 
pl9ARF)  includes  structural  features  found  in 

signaling  proteins  (i.e.  SH3  domain)  so  it  may  act  to 
trigger  apoptosis  in  a  transcription-independent  man¬ 
ner.  Alternately,  since  Binl  can  inhibit  the  transactiva¬ 
tion  properties  of  c-Myc  in  transient  assays  (Elliott  et 
aL,  1999b),  there  may  be  appropriate  regulation  of  an 
unidentified  target  gene(s)  relevant  to  apoptosis. 
Overexpression  of  Binl  blocks  transformation  by  c- 
Myc  +  Ras  apparently  by  promoting  the  ability  of  c- 
Myc  to  drive  death  (unpublished  observations).  Binl 
overexpression  kills  tumor  cells  lacking  endogenous 
Binl  but  it  does  not  kill  normal  cells  (Sakamuro  et  aL, 
1996;  Wechsler-Reya  et  aL,  1998;  Elliott  et  aL,  1999a), 
arguing  that  it  is  not  an  executioner  but  an  adaptor 
protein  that  links  c-Myc  to  the  executioner  machinery. 
Consistent  with  some  regulatory  role  in  apoptosis,  Binl 
moves  between  the  nucleus  and  cytosol  and  it  is  a 
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genetic  target  for  transcriptional  regulation  by  NF-kB 
(Mao  et  aL,  1999).  The  relative  ease  with  which  one 
can  obtain  c-Myc-overexpressing  cell  clones  that  are 
resistant  to  apoptosis  in  vitro  (Dhanaraj  et  aL,  1996)  is 
consistent  with  observations  that  Binl  is  often 
inactivated  in  tumor  cells  by  epigenetic  mechanisms, 
which  are  relatively  malleable  (K  Ge,  J  DuHadaway,  D 
Sakamuro  and  GCP  Prendergast,  manuscripts  sub¬ 
mitted).  Interestingly,  Binl  induces  apoptosis  in  tumor 
cells  which  lack  endogenous  Binl  through  a  largely 
caspase-independent  mechanism  that  is  not  associated 
with  chromatin  collapse  or  nucleosomal  DNA  degra¬ 
dation  (K  Elliot,  K  Ge  and  GC  Prendergast,  manu¬ 
script  submitted),  features  reminiscent  of  the  death 
produced  by  c-Myc  in  the  presence  of  caspase 
inhibitors  (McCarthy  et  aL,  1997). 

Existing  information  about  Binl  suggests  that  it  is  a 
cell  fate  adaptor  protein  that  coordinates  the  complex 
decisions  made  when  cells  exit  the  cell  cycle  (e.g.  enter 
GO,  commit  to  die,  differentiate,  etc.).  For  example,  in 
cells  where  c-Myc  is  normal  and  can  be  downregulated 
when  there  is  a  signal  to  exit  the  cell  cycle,  Binl  helps 
to  inhibit  proliferation  and  to  promote  differentiation 
(Wechsler-Reya  et  aL,  1998;  Mao  et  aL,  1999).  In 
contrast,  if  c-Myc  expression  is  enforced  and  as  a  result 
cells  cannot  exit  the  cell  division  cycle,  Binl  is 
necessary  for  c-Myc  to  engage  the  ensuing  apoptotic 
program  (Sakamuro  et  aL,  manuscript  submitted). 
Several  findings  argue  for  complex  adaptor  roles  in 
cells  for  Binl  (Bridging  INtegrator-1).  First,  the 
nuclear  tyrosine  kinase  c-Abl  was  shown  recently  to 
interact  with  but  not  phosphorylate  Binl  in  vivo 
(Kadlec  and  Pendergast,  1997).  c-Abl  binding  is 
mediated  by  the  SH3  domain  of  Binl  (Kadlec  and 
Pendergast,  1997),  which  is  dispensable  for  its 
association  with  c-Myc  (Sakamuro  et  aL,  1996;  Elliott 
et  aL,  1999).  A  fraction  of  c-Abl  in  cells  is  reported  to 
be  activated  at  focal  adhesions  where  integrins  are 
located  (Lewis  et  aL,  1996;  Taagepera  et  aL,  1998),  so 
since  apoptosis  by  c-Myc  is  influenced  by  integrin 
signals  (Crouch  et  aL,  1996)  there  may  be  links  via  this 
route  to  c-Abl  activation.  How  Binl  and  c-Abl 
influence  the  action  of  each  other  in  proliferation, 
differentiation,  and  apoptosis  remains  to  be  deter¬ 
mined,  however.  Second,  Binl  is  subjected  to  extensive 
alternate  splicing,  especially  in  neurons  (Butler  et  aL, 

1997;  Ramjaun  et  aL,  1997;  Tsutsui  et  aL,  1997; 
Wechsler-Reya  et  aL,  1997b;  Ramjaun  and  McPher¬ 
son,  1998),  and  it  is  localized  to  the  cytosol  as  well  as 
the  nucleus  in  certain  cells  (Butler  et  aL,  1997;  Kadlec 
and  Pendergast,  1997;  Wechsler-Reya  et  aL,  1998).  The 
N  and  C-terminal  regions  of  Binl  are  related  to 
amphiphysin,  a  neuronal  protein  that  is  a  paraneo¬ 
plastic  autoimmune  antigen  in  breast  and  lung  cancer 
(David  et  aL,  1994;  Dropcho,  1996).  The  same  regions 
are  also  related  to  Rvsl67  and  Rvsl61,  two  negative 
regulators  of  the  cell  cycle  in  yeast  (Crouzet  et  aL, 

1991;  Bauer  et  aL,  1993)  [Binl  is  related  but  not 
homologous  since  it  cannot  complement  Rvs  functions 
(Sakamuro  et  aL,  1996)].  Amphiphysin  and  brain- 
specific  splice  forms  of  Binl,  also  termed  amphiphysi- 
n  II  or  amphiphysin  isoform,  have  been  implicated  in 
receptor-mediated  endocytosis  (David  et  aL,  1996; 

Wigge  et  aL,  1997;  Owen  et  aL,  1998).  RVS  167  and 
RVS  161  have  been  implicated  in  endocytosis  and 
karyogamy  (Munn  et  aL,  1995;  Brizzio  et  aL,  1998). 
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However,  non-neuronal  splice  forms  of  Binl  appear 
unlikely  at  this  point  to  be  involved  in  endocytosis, 
because  only  neuronal  splice  forms  include  the  exons 
which  encode  clathrin-binding  determinants  needed  for 
localization  to  endocytotic  vesicles  (Ramjaun  and 
McPherson,  1998).  The  endocytosis  connection  in 
neurons  might  reflect  a  link  in  those  cells  between 
cell  survival  and  the  achievement  of  a  differential  and 
synaptically  active  state,  which  would  be  associated 
with  neurotransmitter  release  and  hence  membrane 
trafficking.  If  Binl  has  endocytotic  roles  outside 
neurons,  given  the  links  of  c-Myc  to  CD95/Fas  and 
TNF-R,  it  is  tempting  to  speculate  about  connections 
to  mechanisms  used  by  p53  to  control  apoptosis  by  cell 
surface  trafficking  of  CD95/Fas  (Bennett  et  ai,  1998), 
or  to  potential  requirements  of  CD95/Fas  internaliza¬ 
tion  via  endocytosis  for  the  generation  of  a  competent 
death  signal  (A  Ashkenazi,  personal  communication). 
Third,  the  orthologs  of  Binl  in  yeast  can  influence 
cytoskeletal  regulation  and  interact  with  a  functionally 
undefined  transmembrane  protein  (Sivadon  et  al.,  1995, 
1997;  Breton  and  Aigle,  1998).  These  roles  hint  of  links 
to  cell  surface  receptors  and  perhaps  also  to  actin 
cytoskeletal  rearrangements  that  arc  involved  in 
membrane  blebbing  (zeosis),  a  process  which  has  been 
reported  to  involve  integrins,  actin  depolymerization, 
and  Jnk  activation  events  (Faster  and  Mackenzie,  1996; 
Huot  et  al.,  1998).  Further  investigations  are  required 
to  establish  whether  any  of  these  connections  are 
relevant  to  how  the  Binl  gene  acts  in  apoptosis  and 
how  its  proapoptotic  functions  are  controlled  differen¬ 
tially  from  its  functions  in  endocytosis,  proliferation, 
and  differentiation. 


Modified  dual  signal  model  for  c-Myc  function 

Two  general  models  for  how  apoptosis  is  induced  by 
c-Myc  have  been  enunciated,  the  so-called  conflict  and 
dual  signal  models  (Harrington  et  aL,  1994b;  Packham 
and  Cleveland,  1995).  Figure  4  outlines  each  model.  In 
the  conflict  model,  apoptosis  is  proposed  to  be  an 
indirect  or  distal  response  of  the  cell  to  an 
inappropriate  growth  signal  generated  by  deregulated 
c-Myc.  This  model  is  a  default  and  does  not  postulate 
a  new  function  for  c-Myc  beyond  that  in  cell  division. 
In  the  dual  signal  model,  Myc  is  proposed  to  induce 
apoptosis  by  directly  regulating  a  death  effector 
system(s).  This  system  presumably  includes  down¬ 
stream  target  genes  that  are  death-specific  but 
formally  includes  interactions  with  death  effector 
signaling  protein(s).  The  dual  signal  model  postulates 
that  c-Myc  functions  as  regulator  of  cell  death  as  well 
as  cell  division.  Its  strongest  prediction  is  that  at  some 
levels  the  mitogenic  and  apoptotic  properties  of  c-Myc 
should  be  distinct  and  hence  separable.  However, 
rudimentary  structure-function  analysis  illustrates 
complete  genetic  overlap  on  c-Myc  (Evan  et  aL, 
1995),  and  as  noted  above,  no  functional  divergence 
has  occurred  even  in  retroviral  myc  oncogenes,  where 
selective  pressures  in  evolution  would  be  expected  to 
produce  rapid  divergence  if  this  were  possible. 
Moreover,  Max  association  and  DNA  binding  is 
required  for  both  apoptosis  and  proliferation  (Amati 
et  al.,  1993b).  Thus,  an  inescapable  conclusion  from 
structural  and  biological  evidence  is  that  c-Myc 


coordinately  primes  cell  death  as  it  drives  cell 
proliferation. 

Although  the  functions  of  c-Myc  can  not  be 
separated  at  the  level  of  the  protein,  there  is  evidence 
that  these  functions  can  be  separated  on  the  basis  of 
separate  effector  pathways.  We  propose  that  growth 
and  death  priming  or  sensitization  functions  are 
integrated  in  one  pathway  and  that  death  triggering 
is  mediated  through  a  separate  pathway  (Figure  4,  part 
3  and  Figure  5).  The  following  lines  of  evidence 
support  this  modified  dual  signal  model.  First,  it  is 
possible  in  certain  cases  to  arrest  cells  containing 
deregulated  c-Myc  without  killing  them  (Gibson  et  al., 
1995;  Packham  and  Cleveland,  1996;  Ryan  and  Birnie, 

1997) .  For  example,  c-Myc-expressing  32D  cells 
undergo  growth  arrest  in  the  absence  of  cell  death 
when  treated  with  non-hydrolyzable  analogs  of  cAMP 
(Packham  and  Cleveland,  1996).  IL3  withdrawal  will 
still  trigger  cell  death,  indicating  that  IL3  and  cAMP 
influence  different  signals  that  influence  cell  fate, 
consistent  with  a  multiple  effectors  model  (Packham 
and  Cleveland,  1996).  These  observations  are  consis¬ 
tent  with  the  demonstration  that  cAMP  analogs  will 
inhibit  the  ability  of  c-Myc  to  generate  activators  of 
apoptosis  as  measured  in  cell-free  extracts  (Ding  et  a!., 

1998) .  A  second  line  of  support  for  dual  signal  is 
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Figure  4  Conflict  and  dual  signal  models  for  Myc  function.  The 
models  arc  adapted  from  Harrington  and  Evan  (Harrington  ct  a/., 
1994b).  In  conflict,  c-Myc  functions  solely  in  cell  proliferation; 
apoptosis  is  the  cellular  response  to  an  inappropriate  signal  from 
c-Myc  when  growth  arrest  signals  arc  extant.  In  dual  signal,  c- 
Myc  coordinately  induces  apoptosis  and  cell  proliferation  through 
diflerent  pathways;  survival  factors  suppress  the  apoptosis 
pathway.  In  the  modified  dual  signal  model  discussed  in  the 
text.  c-Myc  coordinately  induces  proliferation  and  primes 
apoptosis  through  one  pathway  and  triggers  apoptosis  through 
a  second  pathway.  In  this  model,  survival  factors  suppress  the 
apoptosis  trigger  pathway 
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provided  by  the  identification  of  target  genes  which 
appear  to  be  specifically  involved  in  apoptosis. 
Activation  of  pi 9^^^  by  c-Myc,  which  is  thought  to 
be  transcriptional  (Dang,  1999),  has  been  so  implicated 
(Zindy  et  aL,  1998).  Third,  inhibition  of  CD95/Fas 
signaling  blocks  apoptosis  but  not  proliferation  by  c- 
Myc  in  Rati  fibroblasts  (Hueber  et  aL,  1997).  CD95/ 
Fas  ligand  (CD95L/FasL)  may  be  an  additional  target 
of  c-Myc  in  certain  cell  types  (Wang  et  ai,  1998a;  D 
Sakamuro  and  GC  Prendergast,  unpublished  observa¬ 
tions).  Lastly,  interaction  between  c-Myc  and  Binl  is 
necessary  to  activate  apoptosis  but  dispensable  to  drive 
proliferation  or  malignant  transformation,  in  both 
fibroblast  and  epithelial  cell  models  (Sakamuro  et  al, 
manuscript  submitted).  These  results  arguably  offer  the 
most  direct  support  for  the  dual  signal  model  insofar 
as  they  make  a  distinction  in  functions  at  the  level  of  a 
binding  protein. 

Other  reasons  support  the  notion  that  the  proapop- 
totic  effector  functions  of  c-Myc  can  be  further 
discussed  into  ‘death  priming’  and  ‘death  triggering’ 
steps.  One  reason  is  that  protein  synthesis  inhibitors  do 
not  block  c-Myc-mediated  cell  death  (Evan  et  al.,  1992; 
Wagner  et  al.,  1994).  This  is  telling  because  it  is  also 
clear  that  Max  binding  (Amati  et  al,  1993b)  and 
therefore  transcriptional  regulation  of  target  genes  by 
c-Myc  is  required  for  it  to  induce  death  (e.g.  pi 9^^^) 
(Dang,  1999).  A  second  reason  is  inferred  by  the 
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Figure  5  A  modified  dual  signal  model  for  c-Myc  function.  The 
model  proposes  that  c-Myc  activates  proliferation  and  primes 
apoptosis  through  one  pathway  and  triggers  apoptosis  through  a 
second  and  mechanistically  distinct  pathway.  The  inability  of 
protein  synthesis  inhibitors  tq  block  apoptosis  in  cells  expressing 
deregulated  c-Myc  suggests  that  the  apoptptic  program  is  primed 
by  gene  regulation  and  triggered  by  a  separate  signaling  process. 
In  the  model,  death  priming' and  proliferation  involves  regulation 
of  specific  target  genes  by  c-Myc/Max  complexes.  The  links 
between  TRRAP  and  the  transcription  complex  SAGA  suggest  it 
may  be  involved  with  the  proliferation  pathway,  pi 07  interaction 
is  proposed  to  co-ordinate  gene  regulation  with  the  cell  cycle. 
Max  and  gene  regulation  is  required  for  proliferation  and  death 
priming  but  may  be  dispensable  for  death  triggering.  Conversely, 
Binl  is  dispensable  for  proliferation  and  death  priming  but 
necessary  to  trigger  death  once  it  is  primed.  p53  may  contribute 
to  sensitizing  cells  to  the  trigger,  but  is  mechanistically  distinct 
from  Binl  since  the  latter  can  mediate  p53-independent  death. 
Survival  signals  from  cytokine  and  adhesion  receptor  pathways 
are  proposed  to  target  the  triggering  pathway  for  inactivation, 
possibly  by  targeting  Binl  itself  since  it  is  a  phosphoprotein 
(Wechsler-Reya  et  al.,  1997a) 
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Structure  of  Binl,  which  while  necessary  for  apoptosis 
by  c-Myc  does  not  have  features  of  a  transcription 
factor  but  rather  features  of  a  signal  transduction 
protein  (e.g.  an  SH3  domain).  Binl  may  be  linked  to 
transcriptional  programs,  though,  since  it  can  inhibit 
the  transactivation  properties  of  c-Myc  (Elliott  et  al, 
1999). 

We  hypothesize  that  c-Myc  ‘primes’  death  through 
transcriptional  regulation  of  target  genes,  and 
‘triggers’  death  though  some  signaling  mechanism 
that  involves  productive  interactions  between  Binl 
and  the  ‘primed’  target  gene  products  (see  Figure  5). 
Priming  would  allow  the  Max  requirement  to  be 
accommodated  and  triggering  would  provide  a  role 
for  Binl  consistent  with  its  requirement  and  its 
structure  as  a  signaling  adaptor.  If  priming  and 
triggering  are  separable,  then  c-Myc  should  still 
prime  death  in  tumor  cells  where  Binl  is  missing  or 
inhibited.  There  is  some  support  for  this  idea  based 
on  the  ability  of  c-Myc  to  induce  latent  activators  of 
caspase  activity  in  cell-free  extracts  from  tumor  cells 
where  Binl  is  lost  (Fearnhead  et  al,  1997,  1998;  Ding 
et  al.,  1998)  and  the  ability  of  Binl  to  trigger  death  in 
such  cells  upon  its  reintroduction  (K  Elliott  et  al., 
manuscript  submitted).  The  triggering  mechanism  may 
have  two  parts,  pne  that  activates  caspases  and  a 
second  that  serves  to  commit  cells  to  a  death  decision. 
That  these  signals  are  separable  is  suggested  by  the 
ability  of  caspase  inhibitors  to  block  many  classical 
features  of  apoptosis  by  c-Myc,  but  not  the 
commitment  to  undergo  cell  death  (McCarthy  et  al., 
1997).  Examples  of  caspase-independent  apoptosis 
associated  with  some  role  for  the  subnuclear  domain 
termed  NDIO  (Ascoli  and  Maul,  1991)  have  appeared 
recently  in  studies  of  the  leukemia  breakpoint  gene 
PML  (Quignon  et  al.,  1998;  Wang  et  al.,  1998b). 
Investigations  of  caspase-independent  signals,  possibly 
involving  Binl,  may  provide  new  insights  into  how 
cells  commit  to  undergo  apoptosis  and  how  cell  death 
is  triggered. 


Summary  and  future  directions 

Recent  advances  strongly  support  a  dual  function 
model  for  c-Myc  as  a  co-ordinate  activator  of  cell 
proliferation  and  apoptosis.  Both  functions  are 
intrinsic  to  c-Myc  but  evidence  for  specific  death 
effector  pathways  is  emerging.  Such  effector  signals 
are  hypothesized  to  include  ‘priming’  and  ‘triggering’ 
mechanisms  associated  with  separable  caspase-depen- 
dent  and  caspase-independent  processes.  Myc  target 
genes  implicated  at  some  level  include  ODC,  lactate 
dehydrogenase- A,  pi 9^^'',  and  possibly  certain  cell 
cycle  regulators.  The  cytokines  IGF-1  and  PDGF 
regulate  the  apoptotic  properties  of  c-Myc  as  do  cell 
adhesion  signals.  The  findings  that  c-Myc  sensitizes  the 
cells  to  death  receptor  signals  from  the  TNF  receptor 
and  CD95/Fas,  and  may  require  signals  from  the  latter 
receptor  to  kill  cells,  hint  at  regulatory  links  whose 
continued  investigation  may  provide  deeper  insights 
into  apoptosis  by  c-Myc  and  other  oncogenes.  Lastly,  a 
specific  role  for  the  c-Myc-interacting  cell  fate  adaptor 
Binl  in  apoptosis  suggests  the  existence  of  a  heretofore 
unrecognized  nuclear-based  death  effector  signaling 
pathway  used  by  c-Myc. 
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While  the  new  advances  provide  a  stronger 
foundation  for  understanding  the  intrinsically  dual 
nature  of  c-Myc  function  in  growth  and  apoptosis, 
many  pressing  questions  remain  about  how  it  kills 
cells.  In  particular,  one  would  like  to  identify  the 
molecular  basis  for  the  stochastic  aspect  of  death. 
While  sensitization  of  cells  to  apoptosis  may  ‘lower 
the  bar’  to  trigger  death  by  minor  insults  (Evan  and 
Littlewood,  1998),  the  mechanism  by  which  cells  reach 
the  threshold  to  commit  to  engage  the  death  program 
is  still  quite  obscure.  Caspase  activation  looks  to  be 
coordinated  with  but  perhaps  separable  from  the 
death  commitment  signal.  To  assess  the  significance 
of  different  caspases  as  well  as  components  of  the 
executioner  machinery,  death  receptor  DISCs,  etc.,  it 
will  be  necessary  to  examine  the  effects  of  various  null 
backgrounds  on  apoptosis  by  c-Myc  or  the  effects  on 
tumor  development  and  apoptosis  in  crosses  between 
various  ‘knockout’  animals  and  myc  transgenic  mice. 
Pinpointing  the  death  commitment  signal  may  provide 
a  powerful  tool  to  address  advanced  cancer,  since  it 
would  allow  one  to  manipulate  the  threshold  which 
must  be  crossed  to  commit  to  death.  One  question  is 
whether  there  are  cell  cycle  regulators  or  target  genes 
with  an  unambiguous  role  in  apoptosis.  Another  is 
whether  the  proapoptotic  E2F  member  E2F1  has  any 
role  in  mediating  death  by  c-Myc,  because  of  some 
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